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KINETICS OF SILVER-SILVER ION EXCHANGE! 


By A. BAERG AND C. A. WINKLER 


ABSTRACT 


The kinetics of silver—silver ion exchange have been studied with etched 
silver foils. The results indicate that several different rates of reaction occur 
on a single specimen. This may be interpreted to indicate the presence of crystal 
faces of different orientations, each of which exchange at a given rate. Inter- 
change of ions in solution with radioactive ions adsorbed on the metal surface 
was not distinguishable from exchange between ions in solution and active 
atoms of the metal. When adsorbed silver ions were electrodeposited, the 
resulting metal surface exhibited a completely heterogeneous character with 
respect to exchange. 


INTRODUCTION 


In previous studies in this laboratory (1), the extent of exchange between 
silver foils and radioactive silver ion in solution showed no quantitative correla- 
tion with Bowden-Rideal area measurements of the surfaces. The exchange 
behavior was interpreted in terms of the theories of crystal growth, from which, 
in turn, it was anticipated that several rates of exchange might occur on individ- 
ual crystalline specimens, depending on the orientations of the crystal faces 
exposed on the surface. An investigation has now been made of the exchange 
kinetics on etched silver surfaces, with the results outlined below. 


EXPERIMENTAL AND RESULTS 


For greatest accuracy in measuring the radioactivity changes it was neces- 
sary to observe the activity on the metal surface rather than that in the solution. 
This necessitated a technique which would permit continuous activity measure- 
ments without removing the metal specimen from the exchange solution. 
To meet these requirements the metal was allowed to exchange with a thin 
film of radioactive silver nitrate solution which flowed over the specimen from 
a circulation system. The relatively high energy gamma radiation emitted by 
the silver isotope made it possible to follow the reaction by counting through 
the solution film. 

A cross-sectional diagram of the exchange cell is shown in Fig. 1 (lower 
section). It was made from a solid lucite rod 2 in. in diameter and 2 in. long. 
One end was machined flat with a 0.020 in. depression, 0.75 in. in diameter, 
in the center. Capillary holes were drilled obliquely from the circumference 
into the lucite block to meet the depression as shown. They were enlarged 
at the outer end to accommodate glass capillary tubes (G, H) through which 

1 Manuscript received January 14, 1958. 


Contribution from the Physical Chemistry laberatory, McGill University, Montreal, Que., 
with financial assistance from the National Research Council of Canada. 
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Fic. 1. Diagram of apparatus. 


the exchange solution was circulated. The etched silver specimen, a disk 2.5 
cm.” in area and 0.004 in. thick, was fixed firmly in the depression by slightly 
wetting the lucite with a drop of chloroform. When necessary, electrical contact 
with the silver was made through a silver spring and brass rod which ran through 
the middle of the block. A Teflon sheet, 0.0015 in. thick, was placed over the 
front face of the block to cover the depression. This served as a ‘‘window”’ 
through which to count the radioactivity on the metal, using a well shielded 
end-window Geiger tube. The Teflon sheet was held in place by a flat brass 
collar tightened with six brass screws. 

The circulation system, in relation to the cell, is also shown in Fig. 1 (upper 
section). It was made entirely of glass and to preclude the possibility of con- 
tamination of the silver by grease films no lubrication was used in the stopcocks 
and joints. The exchange solution was placed in the 200 ml. vessel, B, and 
pumped to the upper reservoir, C, by a “‘gas lift’”’ (based on a design by Mason 
and Rochow (6)), using purified nitrogen. From C the solution flowed through 
the tubes leading to the lower inlet of the exchange cell. After passing through 
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the cell and into the vessel, B, it was again pumped up to C, thus maintaining 
continuous circulation. 

It was desirable to reverse the reaction after a period of “‘forward exchange”’ 
with the active solution. For this purpose a parallel circulation system, similar 
to the one described, and which contained inactive silver nitrate solution, was 
connected at E and F, through 7-stopcocks. 

Each of the systems contained 200 ml. of 10-° N silver nitrate solution which 
was maintained oxygen-free by bubbling pure nitrogen through them. The 
active solution contained radioactivity equivalent to about 0.04 mc. The entire 
apparatus was mounted in an air thermostat from which light was excluded. 

To remove any oxide which might remain on the silver surface after etching, 

the metal was rendered cathodic with N/5 sulphuric acid in the cell, using a 
current of 10-4 amp. The acid was admitted to the cell and an anode compart- 
ment, A, through the inlet, J, and stopcock, S;. The acid was subsequently 
flushed out of the anode compartment drain, S;, using inactive silver nitrate 
solution. Circulation of the solution was continued for an additional two or 
three hours to equilibrate the surface before exchange with the active solution 
was commenced. 
. The reaction was followed by operating the counter continuously during the 
experiment. The cumulative count recorded on a register was noted at one 
minute intervals and plotted against the time. Thé counts per minute at any 
instant were obtained by evaluation of tangents at various points on the count— 
time curve, or directly from the average counts per minute over a short time 
interval. Suitable corrections for background and the count from the solution 
in the exchange cell were made from the data of a blank experiment in which 
the silver specimen was replaced by a thin glass slide. The magnitude of the 
corrections was about 1500 counts per minute while the exchange gave about 
1000 counts per minute per apparent atomic layer exchange. 

Initial experiments indicated a rapid exchange at first, followed by a much 
slower reaction which continued indefinitely. When the reaction was reversed, . 
however, using inactive solution, the activity on the metal was reduced to an 
essentially constant value in several hours but a part of the acquired activity 
was not removable. This was taken to indicate that the slow process was due 
largely to local cell action and subsequent experiments were restricted to three 
hours’ duration to study the rapid reaction which was presumably concerned 
with a reversible process. 

It was a simple matter to repeat forward and reverse reaction cycles inde- 
finitely with the same silver specimen. The applicability of the first order rate 
law to typical data of two exchange cycles for one etched specimen is shown 
in the upper two graphs of Fig. 2. The equation used was: 


— 2.3 log F = kt 


where & is a constant, ¢ the time of reaction, 
F = (x3 — x)/x3 for the forward exchange (active solution) 


and F = (x — x3)/(xo — x3) for the reverse exchange (inactive solution) 


in which x; is the value of the exchange activity, x, at the end of three hours 
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Fic. 2. Applicability of first order rate law. 


reaction, and Xo is the initial (zero time) activity for the reverse exchange. 
The segmented appearance of the graphs indicates several different rates of 
reaction and discloses the heterogeneous character of the metal surface. While 
some of the plotted data showed slight tendency toward curvature, most of the 
results gave segmented graphs as in Fig. 2. 

From earlier work (1) it was realized that some of the observed activity on 
the metal was probably present in an adsorbed ionic double layer. With another 
silver specimen this was further investigated. As found previously it was not 
possible to remove such activity by a simple water wash. Oxygen-free water 
flowing through the cell for one hour failed to reduce the activity acquired by 
the metal during a three hour ‘‘forward’’ exchange. In another reaction cycle, 
about 10 ml. of V/5 sulphuric acid was run through the cell and into the anode 
compartment, following the forward reaction. The metal was then rendered 
cathodic to deposit the adsorbed silver ions. In the subsequent exchange with 
inactive solution, 31% of the activity acquired with active solution remained 
on the metal even after 20 hr. In contrast, only 7% was not removable in the 
previous exchange cycle. Equally interesting is the kinetic behavior of the 
exchange following the cathodic treatment. A plot with a definite curvature 
was obtained from the data for the reverse reaction (Experiment 2-c, Fig. 2), 
which indicates a surface structure of a completely heterogeneous character 
and suggests random, “‘out-of-lattice’’, deposition of the ions. Although a curved 
plot was obtained for a still further exchange cycle, recrystallization of the 
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deposited activity appeared to take place since the count was noticeably reduced 
when exchange with inactive solution was continued for several days. 

The over-all results of the experiments described above are summarized in 
Table I. 




















TABLE I 
RESULTS OF CONTINUOUS EXCHANGE 
Experiment Reaction Initial rate, Ax, apparent | Deep seated 
(cycle) temp., °C. min. atomic layers | exchange 
l-a f 0.11 1.95 | 15% 
r 31 0.11 1.66 
1-b f 40 0.098 1.74 | 19% 
r 40 0.098 1.44 
l-c f 19.5 0.10 1.78 11% 
r 19.5 ? 1.58 
l-d f 31 0.11 2.10 | 17% 
r 31 0.13 1.70 
2-a f 25 0.09 6.17 18% 
r 25 0.06 5.05 
2-b f 25 0.055 4.43 7% 
r 25 0.055 4.15 
2-c f 25 0.063 4.73 Cathodic 
treatment 
r 25 ? 3.2 31% 
2-d f 25 ? 3.9 2% 
r 25 ? 3.8 











The forward and reverse reactions are designated by f and r respectively. 
Approximate values of the initial rates of exchange are given as 2.3 times the 
negative slopes of the linear sections of the plotted data. Included also are the 
values of the total extent of exchange, Ax, for each reaction of the various cycles, 
in terms of the apparent atomic layers involved. ‘“‘Deep seated”’ exchange is 
given in per cent of the activity acquired in the forward reaction which was not 
removed in the reverse exchange. A pronounced difference in Ax is observed 
between the two silver specimens studied, even though they were both obtained 
from the same stock and both prepared by etching with nitric acid. The initial 
rates of exchange, although they can only be regarded as approximate, also 
differ by a factor of as much as 2 for the two specimens. It may be remarked that 
the specimen of Experiment 2 had a dull, more heterogeneous appearance than 
did the other and possibly exhibited a quite different surface structure. The 
graphs, in addition, showed considerable variation in shape between cycles, 
for the same specimen. However, this is perhaps not surprising in view of 
_surface structural changes which must occur as a result of slow recrystallization 
during the deep seated exchange. Any influence of the temperature on the 
reaction rate was doubtless obscured by this effect. 
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DISCUSSION 


In the previous report (1) on silver —silver ion exchange the theories of crystal 
growth were invoked to arrive at an exchange mechanism which might explain 
the results obtained. According to these theories the well known phenomena of 
dissimilar chemical reactivity and growth rate among the faces of single crystals 
may be attributed to differential bonding along the principle directions within 
the crystal lattice. Similarly, differences in exchange rate may be expected and 
the results obtained here appear to substantiate these views. 

The different faces exposed on the surface of the silver specimens may be 
regarded as constituting the local cells which result in the deep seated exchange 
during reaction with active solution, as pointed out previously (1). While both 
the rate and extent of exchange will be affected by the local cell action in the 
forward exchange the rate only can be altered in the reverse exchange. The 
ions in solution were then essentially all inactive and deposition on cathodic 
regions (faces of higher binding energy) would have negligible effect on the 
observed change in activity. However, a net dissolution from anodic regions 
(faces of lower binding energy) can only result in a decrease of surface activity 
of somewhat greater rate than that corresponding to reversible exchange. 

In the earlier work some evidence was noted which appeared to indicate a 
decreased rate of exchange due to the presence of adsorbed ionic material on 
the metal surface. It has not been possible to investigate this further with the 
apparatus used. The manner in which an adsorption layer might affect the rate 
of reaction is not clear. Zimens (7) has reasoned that the reaction rate should 
increase with increasing adsorption, i.e. with increased concentration. He sug- 
gests that the variation of exchange rate with concentration should obey a law 
of a form similar to an adsorption isotherm, and that the rate should attain a 
maximum value at complete coverage of the surface with adsorbed material. 
However, qualitative observations by Hevesy and Blitz (4) and by Kolthoff 
(5) indicate that the rate actually decreases with increased adsorption. 

A possible line of speculation is that secondary adsorption of anions or solvent 
molecules constitutes a barrier to ‘‘exchange’’ with underlying silver ions and 
metallic atoms. While electrodeposition of adsorbed silver ions indicated (1) 
that they would account for 20 to 25% of the observed exchange, the initial 
reaction rate observed here was constant to about 60% reaction (Expt. 1). 
It must then be concluded that ‘exchange’ with adsorbed ions cannot be 
distinguished from reaction with exchangeable surface atoms. This would imply 
that exchange of adsorbed ions with surface atoms is comparatively rapid and 
that the over-all rate on any one crystal face is governed by other factors, 
possibly adsorbed anions. A similar suggestion has been made to explain the 
dependence of exchange rate on the type of anion in solution, as observed by 
Haissinsky (3). 

Since preferential adsorption of both constituents may occur on certain 
crystal faces (2), it might seem that the effect would be to equalize the binding 
energy of the atoms among different crystal faces so that the exchange rate 
should be equal for all faces. No evidence for behavior of this kind has appeared 
for equilibrium exchange reactions or for nonequilibrium reactions like crystal 
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growth. However, modification and even inversion of relative growth rate 
among faces at appropriate concentrations of adsorbates have been observed 
(2). 
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A NEW SYNTHESIS OF s-GLUCOPYRANOSIDES' 


By R. U. LEMIEUX AND W. P. SHYLUK? 


ABSTRACT 


Reaction of equivalent amounts of pentaacetyl-8-D-glucopyranose and 
methanol in benzene or chloroform solution in the presence of 0.5 or more moles 
of stannic chloride per mole of methanol gave 50-60% yields of methyl tetra- 
acetyl-8-D-glucopyranoside. a-Acetochloroglucose was a by-product of the re- 
action. The mechanism of the reaction is discussed. The method was applicable 
for the preparation of phenyl tetraacetyl-8-D-glucopyranoside. 


INTRODUCTION 


Lemieux and Brice (3) have shown that the treatment of pentaacetyl-8-D- 
glucopyranose (I) with stannic chloride in chloroform solution resulted in a 
rapid dissociation of the Cl to acetoxy group bond to yield carbonium ions of 
which the resonance stabilized 1,2-cyclic ion (II) is the predominant type. 
Treatment of 1,2,3,4-tetraacetyl-8-D-glucose under these conditions yielded 
the internal glucoside, triacetyl-D-glucosan (1,5) 8 (1,6) (3). Thus, it was 
reasonable to expect that treatment of pentaacetyl-8-D-glucopyranose with 
stannic chloride in chloroform containing an alcohol would lead to glucoside 
formation. Since the ion II would predominate and the reaction of this ion 
with the alcohol under the prevailing acidic conditions would be accompanied 
by an inversion of the anomeric center, it was expected that the initial reaction 


o. O- O- 
| | 
AcO-C-H  SnCl,_ H-C-O ROH RO-C-H 
| — . | 
H-C-OAc *——— | (+) C-CH; HC-OAc 
| Lf | 
H-C-O 
| 
I ~~ - II 


product would be the acetylated 6-p-glucopyranoside (III). Since pentaacetyl- 
8-D-glucopyranose was found to be rapidly dissociated by stannic chloride (3), it 
was anticipated that the 8-glucoside would be formed rapidly at the boiling point 
of the reaction mixture. Pacsu (8) has shown that stannic chloride can catalyze 
the anomerization of methyl tetraacetyl-8-p-glucopyranoside only slowly. 
Consequently, it was expected that the reaction of pentaacetyl-8-D-glucopyranose 
with methanol in the presence of stannic chloride would afford a good yield of 
methyl tetraacetyl-8-D-glucopyranoside. Lindberg (5) has shown that the rate of 
anomerization of a 8-glucopyranoside depends greatly on the nature of theaglucon. 
1 Manuscript received January 26, 1958. 

Contribution from the National Research Council, Prairie Regional Laboratory, Saskatoon, 
Sask. Issued as Paper No. 152 on the Uses of Plant Products and N.R.C. No. 2992. Presented in 
part at the Western Regional Conference of the Chemical Institute of Canada, Saskatoon, Sask., 
October 24, 25, 1962. 


2 . The experimental work was carried out by W. P. Shyluk toward an M.A. thesis, University 
of Saskatchewan, to be presented in 1958. 
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Consequently, it was not possible to predict the success of the method for the 
preparation of other alkyl 6-glucopyranosides. It is well known that aryl 
8-glucopyranosides are highly resistant to acid catalyzed anomerization (6, 7). 
This paper is concerned mainly with the reaction using methanol as reagent to 
produce methyl tetraacetyl-8-D-glucopyranoside. 

The preceding predictions were substantiated in all respects. Reaction of 
pentaacetyl-8-D-glucopyranose with an equivalent of methanol catalyzed by at 
least half a mole of stannic chloride per mole of methanol proceeded rapidly 
at the boiling point to give 50-60% yields of methyl tetraacetyl-8-p-gluco- 
pyranoside. The rate of reaction was measured at 40°C. A convenient method 
for gaining an approximate measure of the glucoside content of a reaction 
product was based on the analysis for reducing sugar in a saponified sample. 
The curves in Fig. 1 show that the reaction rate was dependent on the catalyst 
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Fic 1. Effect of stannic chloride and methanol concentrations on rate of glucoside forma- 
tion in benzene at 40°C. 


B-Glucose Stannic 

Curve pentaacetate Methanol chloride 
1 0.1 M 0.1 M 0.1 M 

2 0.1 M 0.1 M 0.05 M 

3 0.1 M 0.2 M 0.05 M 

4 0.1 M 0.1 M 0.025 M 


concentration. However, the decrease in the rate of glucoside formation on 
decreasing the catalyst concentration from 0.05 M to 0.025 M was much greater 
than was expected. A marked decrease in the rate of glucoside formation was 
observed (see Fig. 1) when the methanol concentration was increased from 
0.1 M to 0.2 M and the stannic chloride concentration was kept at 0.05 M. Thus, 
the ratio of methanol to stannic chloride molecules has a profound effect on the 
reaction rate. This can be due to the lowering of the catalytic efficiency of 
stannic chloride by neutralization with methanol. Thus, it is apparent that 


while SnCl4.2CH;OH is highly effective in catalyzing the reaction, SnCl,.4CH;OH 
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TABLE I 


EFFECT OF METHANOL ON THE REACTION RATE USING 0.1 M 8-GLUCOSE PENTAACETATE AND 
0.05 M sTANNIC CHLORIDE IN BENZENE AT 40°C. 











| © Crude yield of substance isolated 








Methanol Reaction time, — 
concentration, min. 
l B-glucose B-methyl glucoside 
| pentaacetate tetraacetate 
| 
0.1 30 — 43 
0.1 60 — 55 
0.2 30 76 — 
0.2 180 — | 22 





is very inefficient. The results listed 


kinetic data. 

Fig. 2 shows the effect of changes in stannic chloride and methanol concentra- 
tion on the rate of reaction measured polarimetrically. In each case the trend 
was toward higher dextrorotation. Since the main product, methyl tetraacetyl- 
B-b-glucopyranoside, is levorotatory, the trend toward higher dextrorotation 
indicates that the main reaction was accompanied by side reactions which led 
to highly dextrorotatory by-products. A study of the product from the reaction 
of B-glucose pentaacetate (0.1), methanol (0.1 17), and stannic chloride 
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Effect of stannic chloride and methanol concentrations on the polarimetric rate in 


Stannic 
Methanol chloride 
0.1 M 0.1 M 
0.1 M 0.05 M 
0.2 M 0.05 M 
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(0.05 M) in benzene at 40°C. for 60 min. was made to establish the nature and 
extent of the side reactions. Methoxyl estimation indicated the presence of 
61.9% methyl tetraacetyl glucoside, and isotopic dilution analysis showed the 
presence of 60% methyl tetraacetyl-8-p-glucopyranoside. Therefore, it was 
apparent that little of the a-anomer was formed. A 50% yield of essentially 
pure methyl tetraacetyl-6-D-glucopyranoside was isolated by crystallization. 
The reaction product possessed a chlorine content which would correspond to 
16.4% acetochloroglucose. The material, [a], +33° (chloroform), was treated 
under the conditions of the Koenigs-Knorr reaction to convert the acetochloro- 
glucose to methyl tetraacetyl-p-glucoside. The resultant product, [a], +4.9° 
(chloroform), possessed a methoxy] content equivalent to 78% methyl] glucoside 
tetraacetate and crystallization gave a 65.5% yield (based on the weight of 
sirup) of methyl tetraacetyl-8-p-glucopyranoside. The decrease in specific 
rotation and the increased content of methyl! tetraacetyl-8-D-glucopyranoside 
effected by the Koenigs-Knorr reaction established the presence of about 16% 
a-acetochloroglucose in the reaction product. Isotopic dilution analysis for a- 
and #-glucose pentaacetate in the mother liquors from the Koenigs-Knorr 
reaction indicated the presence of little if any of the a-anomer and about 9% 
of the starting material in the original reaction product. The analyses therefore 
accounted for approximately 85% of the reaction product. A consideration of the 
contributions to the rotation of the product which would be made by the 
substances identified indicated that the unidentified portion was strongly 
dextrorotatory. This fraction was undoubtedly composed to some extent of 
methyl tetraacetyl-a-D-glucopyranoside. 

The reaction of 8-glucose pentaacetate with phenol in the presence of stannic 
chloride in boiling benzene solution gave a 40% yield of phenyl] tetraacetyl-8-p- 
glucopyranoside. Bretschneider and Beran (1) have reported the preparation of 
aryl tetraacetyl-8-D-glucopyranosides by reaction of pentaacetyl-8-D-gluco- 
pyranose in benzene solution with uni- or bivalent phenols in the presence of 
boron trifluoride as catalyst. 

Treatment of 0.1 M pentaacetyl-a-p-glucopyranose in benzene with equiva- 
lent amounts of methanol and stannic chloride for 10 min. at reflux temperature 
resulted in little reaction and the a-acetate was recovered in 82% yield. Lemieux 
and Brice (3) have shown that pentaacetyl-a-D-glucopyranose is only very 
slowly dissociated by stannic chloride. Thus, it was not surprising that the 
a-pentaacetate was unsuitable as starting material for the synthesis of 8-gluco- 
sides using stannic chloride as catalyst. 

In 1929, Zemplen (10) discovered that treatment of a-octaacetylcellobiose 
with ferric chloride in chloroform which contained a small amount of ethanol 
yielded ethyl heptaacetyl-a-cellobioside. Under the same conditions 8-octa- 
acetylmaltose yielded ethyl heptaacetyl-a-maltoside. These reactions in all 
probability possess mechanisms analogous to that proposed above for the 
preparation of glucosides with stannic chloride as catalyst. However, in the case 
of the Zemplen reaction, the initial product formed was probably the 6-glucoside 
which subsequently underwent rearrangement to the a-anomer. Thus, the 
reaction sequence would be analogous to that demonstrated by Lindberg (4) 








532 CANADIAN JOURNAL OF CHEMISTRY. VOL. 31 


for the preparation of acetylated a-glucosides by the interaction of a-aceto- 
bromoglucose with an alcohol in benzene solution with mercuric acetate as 
catalyst. Lindberg has shown (4) that the initial product is the 8-glucoside 
which under the prevailing acidic conditions undergoes anomerization. It is 
noteworthy that Zemplen (11) found that the reaction of acetobromocellobiose 
with ethanol in benzene solution in the presence of mercuric acetate gave the 
a-cellobioside heptaacetate only when the ethanol concentration was low. 
Thus, it is apparent that high ethanol concentrations resulted in a deactivation 
of the catalyst in a manner similar to that observed for the effect of methanol 
on stannic chloride. 
EXPERIMENTAL 

Reagents 

The dry chloroform was prepared immediately before use. Reagent grade 
chloroform was washed several times with water, dried over calcium chloride, 
refluxed over phosphorus pentoxide, and distilled. Thiophene-free benzene was 
dried by distillation. Except where otherwise stated, the stannic chloride was 
purified by distillation in a dry atmosphere. The methanol was dried by treat- 
ment with magnesium and distillation. 


Methods 

The rotations were measured at room temperature, 23-28°C. The experiments 
conducted at constant temperature were thermoregulated by means of a bath 
controlled to within + 0.1°C. The radioactive samples were converted to barium 
carbonate for counting at infinite thickness (3). The melting points are corrected. 


Methyl Tetraacetyl-8-D-glucopyranoside 

Pentaacetyl-8-D-glucopyranose, 9.75 gm., 25mM., was dissolved in 200 ml. 
of benzene which contained 0.80 gm., 25 mM., of dry methanol. The mixture 
was warmed to 40°C. and 50 ml. of a benzene solution which contained 1.5 ml., 
3.35 gm., 12.9 mM., of Merck Reagent Grade stannic chloride. After one hour 
at 40°C., the benzene solution was washed with cold water, then with sodium 
bicarbonate and twice more with water. After drying over sodium sulphate, 
the benzene was removed in vacuo to yield 9.04 gm. of a partially crystalline 
sirup. The material was stirred at room temperature with 15 ml. of dry methanol. 
Crystallization was rapid and after standing at room temperature for several 
minutes the mixture was kept at — 10°C. for seven hours. Filtration gave 5.12 
gm., 57% yield, of crude product, m.p. 98-102.5°C., [a], —9.8° in chloroform. 
Recrystallization from 5 ml. of methanol gave 4.79 gm., 53% yield, of essentially 
pure methyl tetraacetyl-8-D-glucopyranoside, m.p. 104-105°C., [a], —17° 
(c, 2.8 in chloroform). 

The following experiment was designed to test the reaction of pentaacetyl- 
a-D-glucopyranose under conditions where the 6-anomer reacted almost com- 
pletely. A solution of pentaacetyl-a-D-glucopyranose, 2.25 mM., methanol, 
2.25 mM., and stannic chloride, 2.25 mM., in 22.5 ml. of benzene was refluxed 
for 10 min. The product was crystallized from 5 ml. of ethanol to yield 0.72 gm., 
82%, of starting material, m.p. 110-111°C. 
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The following experiments were performed in an effort to characterize and 
analyze the products formed on the reaction of 0.1 M methanol, 0.1 M ,- 
glucose pentaacetate, and 0.05 M stannic chloride in benzene at 40°C. for one 
hour. At zero time, a solution of 20 mM. of 8-glucose pentaacetate in 50 ml. of 
benzene warmed to 40°C. was added to 150 ml. of benzene solution kept at 40°C. 
which contained 20 mM. of methanol and 10 mM. of stannic chloride. After 
one hour, the reaction mixture was poured into 200 ml. of cold water. The 
benzene layer was washed successively with sodium bicarbonate solution and 
water. The aqueous solutions were extracted successively with chloroform and the 
chloroform extract was combined with the benzene solution. After drying over 
sodium sulphate the mixture was diluted to 500 ml. with chloroform. Portions 
of this solution were examined as follows. A 25 ml. portion was evaporated to 
sirup, 0.345 gm., [a]p +33° (c, 1.3 in chloroform) which contained 5.3% meth- 
oxyl and 1.59% chlorine. These values correspond to 61.9% methyl glucoside 
tetraacetate and 16.4% acetochloroglucose. A 200 ml. portion was evaporated 
in vacuo to sirup which was crystallized from 7 ml. of methanol at — 10°C. to 
vield 1.45 gm., 50% yield, of crude methyl tetraacetyl-6-D-glucopyranoside, 

-m.p. 101.5-103°C. Methyl tetraacetyl-6-p-glucopyranoside, 100 mgm., labelled 
in the methoxyl group with carbon-14, 33,100 c.p.m., was added to 20 ml. of the 
solution. Evaporation gave a sirup which was crystallized from 1 ml. of methanol. 
Three recrystallizations from methanol gave pure methyl tetraacetyl-8-p- 
glucopyranoside, m.p. 104.5-105°C., 13,000 c.p.m. The dilution in radioactivity ° 
required that the reaction product contain 60% methyl tetraacetyl-6-p-gluco- 
pyranoside. A 250 ml. portion of the solution was evaporated to sirup, 3.45 gm., 
which was dissolved in 50 ml. of dry methanol and treated with 2.0 gm. of silver 
carbonate at 40°C. for three hours. The product, 2.99 gm., isolated in the usual 
manner, possessed a specific rotation 4.9° (c, 1.7 in chloroform) and a methoxyl 
group content, 6.69%, which corresponded to 78% methyl glucoside tetra- 
acetate. The material, 2.90 gm., was crystallized from 6 ml. of methanol at 
— 10°C. to yield 1.90 gm. of crude methyl tetraacetyl-8-D-glucopyranoside, 
m.p. 102-104°C. The yield was 65.5% on the basis of the weight of sirup crystal- 
lized. The substance was recrystallized and the mother liquors were combined 
with those of the first crystallization. Evaporation gave a sirup which was 
thoroughly dried. Radioactive a-glucose pentaacetate, 12,900 c.p.m., labelled 
in the carboxy] of the Cl-acetoxy group, 123.7 mgm., was added to 83.4 mgm. of 
the sirup. After four recrystallizations from ether—petroleum ether, a-glucose 
pentaacetate, m.p. 112.3-112.8°C., was obtained which gave 13,000 c.p.m. 
Thus, the reaction product contained less a-glucose pentaacetate than could be 
detected by this method. Another sample of the sirup, 498.5 mgm., and 100 
mgm. of radioactive 8-glucose pentaacetate, 13,900 c.p.m., labelled in the 
carboxyl of the Cl-acetoxy group were mixed and recrystallized six times from 
ethanol to yield 8-glucose pentaacetate, m.p. 131-131.5°C., 6400 c.p.m. There- 
fore the Koenigs-Knorr product contained about 9% 6-glucose pentaacetate. 
This value should be in fairly good agreement with the amount in the original 
reaction product. 

The experiments which are summarized in Table I were carried out in the 








534 CANADIAN JOURNAL OF CHEMISTRY. VOL. 31 


usual manner. The yields are based on crude products which were identified by 
mixed melting point determination and by further purification. 

The following experiments were carried out to determine the effect of prolonged 
reaction time and high stannic chloride concentration on the yield of methyl 
tetraacetyl-8-D-glucopyranoside. Pentaacetyl-8-D-glucopyranose, 1.17 gm., 
3 mM.., was dissolved in 30 ml. of chloroform which contained 0.096 gm., 3mM., 
of methanol and 1.56 gm., 6 mM., of stannic chloride. The solutions were 
refluxed for the various times given below and the products, isolated in the 
usual manner, were dissolved in 1.5 ml. of methanol for crystallization at 
—10°C. for several hours. The yield of crude methyl tetraacetyl-8-D-gluco- 
pyranoside obtained after a reflux period of five minutes was 0.60 gm., 55%, 
m.p. 100-102°C.; after 15 min., 0.65 gm., 60%, m.p. 100-102°C.; after 30 min., 
0.57 gm., 538%, m.p. 100-102°C.; and after 60 min., 0.44 gm., 41%, m.p. 99- 
101.5°C. 

Phenyl Tetraacetyl-8-D-glucopyranoside 

Pentaacetyl-8-D-glucopyranose, 7.80 gm., 20 mM., was added to a solution 
of 3.76 gm., 40 mM., phenol and 2 ml., approximately 17.1 mM., of Merck 
Reagent Grade stannic chloride. The solution was refluxed for 10 min., washed 
three times with cold water, three times with saturated aqueous bicarbonate 
solution, once more with water, and dried over sodium sulphate. Evaporation 
in vacuo yielded a sirup which was stirred at room temperature with 12 ml. of 
ethanol. Crystallization began immediately. After cooling overnight at —10°C., 
the crystalline product was collected by filtration and washed with cold ethanol. 
The yield of crude phenyl tetraacetyl-8-p-glucopyranoside, m.p. 124-125°C., 
la]p —19.9° (c, 2.4 in chloroform), was 3.36 gm. or 40%. The pure compound 
melts at 125-126°C., [a]p —22.5° (c, 2 in chloroform) (7). 

Determination of Reaction Rates 


The volumes of 0.45 M solutions of methanol and stannic chloride in benzene 
required to give the desited concentrations in the final reaction mixture were 
measured at room temperature, added to a 50 ml. flask and the volume adjusted 
to 30 ml. by the addition of benzene. The solution was warmed to 49°C. and the 
desired amount of 6-glucose pentaacetate in 15 ml. of benzene solution warmed 
to 40°C. was added at zero time. After shaking, the solution was either added 
to a water-jacketed 2 dm. polarimeter tube kept at 40°C. for polarimetric rate 
determination or 5 ml. aliquots of the reaction mixture were distributed by 
means of syringe among 10 ml. glass-stoppered tubes kept at 40°C. After each 
time interval, the reaction was stopped by pouring the contents of a tube into 
50 ml. of water and shaking the mixture vigorously. The product was isolated 
in the usual manner and dried in vacuo at 60°C. for one day before analysis. 

The following procedure was devised as a means for the rapid estimation of 
the methyl glucoside content of a sample. Samples of the sirup, equivalent in 
reducing power to 3-5 mgm. of 8-glucose pentaacetate, were added to 2.4 X 20 
cm. test tubes. The samples were dissolved in 2 ml. of methanol and 3 ml. of 
0.1 N aqueous sodium hydroxide and 5 ml. of the Somogyi reagent (9) containing 
potassium iodate was added. The tubes were heated on the steam bath for 15 
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min., cooled, and the iodine liberated on the addition of 1 ml. of 2.5% aqueous 
potassium iodide and 1.5 ml. of 0.2 N aqueous sulphuric acid was determined 
by titration (9). Different quantities of B-glucose pentaacetate were treated 
in the same manner and a pair of reagent blanks were prepared for each batch 
of runs. Within the limits of 2-7 mgm. of 8-glucose pentaacetate, direct propor- 
tionality prevailed between the amounts of 8-glucose pentaacetate and the 
amounts of copper reduced. Since the reaction product was not composed 
entirely of acetylated methyl glucoside and glucose pentaacetate, it was not 
possible to calculate the percentage of methyl glucoside in the sample from the 
reducing value. However, the apparent methyl] glucoside tetraacetate content, 
which was calculated on the basis of the assumption that the reducing power 
measured for a reaction product was derived from glucose pentaacetate and the 
remainder was methyl glucoside tetraacetate, was checked in several instances 
by methoxyl estimation and the agreement was usually well within +3%. 
Acetochloroglucose was a by-product in the glucoside synthesis. It has been 
suggested (2) that alkaline hydrolysis of this substance may lead to the forma- 
tion of levoglucosan. This may account for the apparent glucoside contents 
being usually somewhat higher than the methyl glucoside content determined 
by methoxyl group estimation. 
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COMPARISON OF METHOXYMERCURIALS DERIVED FROM 
CYCLOPENTENE AND CYCLOHEXENE! 


By A. G. Brook, R. DONOVAN, AND GEORGE F WRIGHT 


ABSTRACT 


The a- and 8-2-methoxycyclopentylmercuric chlorides, bromides, and iodides 
have been prepared. The X-ray powder patterns, dipole moments, and thermal 
analyses among each series have been compared with the homologous methoxy- 
cyclohexyl derivatives. In both of the series the dipole moments of the 6-diastere- 
omers are greater than those of the corresponding a-isomers. In both series the 
a- and §-diastereomers seem to comprise isostructural series among the three 
halides. This isostructural relationship seems to be reflected in the melting 
point composition diagrams. 


The three diastereomeric pairs of 2-methoxycyclopentylmercuric chlorides, 
bromides, and iodides have been prepared. The a-diastereomer of each is, by 
definition, the one obtained by treatment of cyclopentene with mercuric acetate 
and methanol, followed by treatment with sodium chloride, bromide, or iodide 
after the formation of the 2-methoxycyclopentylmercuric acetate is complete. 
The B-diastereomers have each been obtained by treatment of the a modification 
with hydrazine hydrate (5). Cautious addition of the requisite halogen acid to 
the diastereomeric mixtures thus obtained has served to decompose the a-isomer 
much more rapidly than the 8 form. Therefore the 6-diastereomers are more 
stable toward halogen acids than the a-mercurials, and thus resemble the homol- 
ogous group which has been obtained from cyclohexene (6, 4, 2). 

It has been reported (1) that the two diastereomeric sets of crystalline 2- 
methoxycyclohexylmercuric halides are isostructural among each set. The 
powder diagrams have now been determined (Table I) for these a and 8 series; 
they do not contradict the isostructural designation. Of course one would 
expect that mixture melting points between the a and 8 series would be reliable, 
since the two series are not mutually isostructural. On the other hand, mixture 
melting points within each series would be suspect as criteria of identity. In the 
same sense one might doubt the reliability of melting point as a criterion of 
purity if the compound were one of an isostructural series. 

Melting point composition diagrams among members of each series have been 
determined (Fig. 1). These thermal analyses confirm the unreliability of melting 
points as criteria of purity and identity, especially among the a-2-methoxy- 
cyclohexylmercuric halides. Among the 8 series there is more evidence of eutectic 
composition (especially between 8-2-methoxycyclohexylmercuric chloride and 
bromide), but the eutectic lowering does not extend over the entire range of 
compositions. 

The similarities among the powder diagrams of the methoxycyclohexyl- 
mercurials are also found among those shown in Table II for the methoxycyclo- 
pentylmercurials. Also similar (Fig. 2) are the melting point composition 
diagrams. In some instances (aCl vs. aBr, 8Br vs. BI, BCI vs. BI) there is some 


1 Manuscript received October 28, 1952. 
Contribution from the Department of Chemistry, University of Toronto, Toronto, Ont. 
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TABLE 'I* 


POWDER PATTERNS USING Cu, K,, NI-FILTERED RADIATION (1.5405 A) 
2- METHOX YCYCLOHEX YLMERCURIC HALIDES 























.092 
979 
928 
890 


. 809 


a B 
Chloride Bromide | Iodide Chloride | Bromide | Iodide 
d(A) I/h |a@(A) I/h) a(A) 1/h | d(A) t/h | d(A) 1/h | dA) I/h 
| | | | 
10.52 1.0 10.64 1.0 | 10.52 1:6 9.50 1.0 | 9.60 1.0 | 9.50 1.0 
7.25 0.2 7.49 0.3] 7.48 0.2! 6.36 0.8] 7.89 0.1 | 8.04 0.3 
5:08 90.1 6.80 0.1; 5.538 0.3 5.90 0.3 7.438 O.8;] 5.909 0.2 
5.71 0.2 5.78 0.2) 5.2% 0.2 5.530 0.2 5.909 0.4] 4.79 0.2 
5.47 1.0 eo a es 4.77 0.3] 5.24 0.8} 5.57 0.3] 4.48 0.2 
5.18 0.4 5.43 0.2 | 4.00 10! 4.7% 0.3) 538 0:8 3.98 0.6 
4.84 0.4 5.27 @.3) 3.77 6.5 4.48 0.3/ 4.74 0.4] 3.72 0.6 
4.19 0.2 4.87 0.3 | 3.52: 0.9 4.019 0.5 4.50 0.5| 3.56 0.1 
3.91 1@ | 4.8. 6:1) - 3.4) 0.5 3.914 0.2 4.02 0.8 3.45 0.3 
7% 6.2 | 2a OF | 3.19 0.3] 3.782 0.1 3.93 0.1 3.18 0.5 
3.66 0.4 3.735 0.5| 3.025 0.5| 3.674 0.2! 3.80 0.2] 3.038 0.5 
3.56 0.1 3.65 0.2 2.966 0.1 3.545 0.1 | 3.782.031 $9 6:4 
34 03 3.490 0.5 2.910 0:51 3:308 0.3) 3:36 0.2) 2.79 0:4 
3.35 0.2 3.398 0.5 | 2.882 0.5 | 3.066 0.4| 3.40 0.4 2.67 0.4 
3.28 0.1 3.324 0.1; 23.769 0.1 2.957 0.1 3.206 0.8| 2.53 0.1 
3.19 0.2 3.206 0.2| 2.554 0.2 2.846 0.1 3.108 0.1 2.31 9.3 
3.129 0.1 3.045 0.3] 2.526 0.2 2.619 0.2!| 3.045 0.1 22 8:3 
3.025 0.2 2.986 0.3 2.421 0.5 2.540 0.1 2.986 0.1 2:10 0.5 
2.986 0.2 2.900 0.7 2.348 0.5 | 2.506 0.1 2.947 0.1 1.97 0.1 
2.919 0.2 2.769 0.1 2.302 0.2; 2.330 0.1 2.855 0.2 1.88 0.1 
2.855 0.8 2.680 0.1 2.205 0.2); 2.274 90.1 2.786 0.1 1.82 0.5 
2.786 0.1 2.533 0.3 2.164 0.2] 2.220 0.2| 2.627 0.3 1.80 0.1 
2.728 0.1. 2.493 0.1 2.074. 0.1 | 2.198 @6.2)| 2.008 0.2) 1.74 90:1 
2.642 0.1 2.440 0.1 2.000 0.2; 2.056 0.1 | 2.354 0.2 1.67 0.1 
2.519 0.2 2.340 0.5 1.905 0.1 1.955 0.1 |} 2.302 0.1 
2.466 0.1 2.268 0.1 1.850 0.1 1.796 0.4 | 2.226 0.4 
2.404 0.2 2.210 0.1 1.685 0.1 | 2.070 0.2 
2.336 0.6 2 0.2 § 0.1 0.3 
2. 0.1 i. 0.2 
Yi 0.1 1. 0.1 
... 0.2 i. 0.1 
2. 0.1 2. 0.1 
1.¢ 0.2 1 0.1 
1.¢ 0.2 
1.$ 0.3 
. 0.1 
z 0.1 
ke 0.1 














| 
| 
| | 


*Intensities determined visually. Largest d value measurable with equipment, about 17A. 











evidence of eutectic composition. However the chance that these eutectic 
lowerings would be apparent in a mixture melting point determination is not 
good. Among the other three thermal analyses (aBr vs. al, aCl vs. al, and 
BCI vs. BBr) there is no apparent eutectic formation. In the extreme case 
(BCI vs. BBr) the presence of chloromercurial as a contaminant in the bromo- 
mercurial could not be detected by melting point determination. 

Rough determinations of the dipole moments of the 12 oxymercurials are 
recorded in Table III. It may be seen that within each series of halides the 
moment increases in the order I 2 Cl < Br. It may also be observed that in 
every instance, the moment of the a-compound is lower than that of its 6-dias- 
tereomer. This seems not to be related to the fact that the a-diastereomers are 
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TABLE II* 
POWDER PATTERNS USING Cu 


VOL. 3 


2- METHOX YCYCLOPENTYLMERCURIC HALIDES 


1 


, Ky, NI-FILTERED RADIATION (1.5405 A) 


























a B 
Chloride Bromide lodide Chloride Bromide lodide 
d(A) J/, | d(A) I/i, | d(A) 7/L, | d(A) I/h | d(A) 1/h | d(A) T/L 
| 
4.3, <.1 | 12.35 1.0] 12.3 1.0| 10.0. 0.1|10.7; 0.1/10.16 0.1 
12.7, 1.0 9.41 0.5] 9.48 0O.5/ 9.01 10/101 0.1] 9.33 1.0 
9.65 0.5 8.556 0.7| 9.05 0.8| 6.910 0.1| 9.00 1.0] 5.387 6.5 
7.412 0.3 6.154 0.2| 6.964 0.4! 5.760 0.6| 6.986 0.5| 5.151 0.2 
6.463 0.5 | 5.705 0.4| 6.477 0.4| 5.497 0.5| 6.544 0.3! 4.643 0.4 
5.672 0.5 | 4.891 0.3] 6.1383 0.3| 5.108 0.1| 5.855 0.8 | 4.275 0.5 
5.181 0.4 | 4.705 0.5 | 5.948 0.3 | 4.828 0.5) 5.562 0.7 | 4.103 0.2 
4.790 0.5 | 4.371 0.4| 5.668 0.3| 4.626 0.4| 4.878 0.5| 3.879 0.7 
4.521 0.6 | 4.082 06) 4.761 06) 4.465 0.5) 4.672 0.4| 3.517 0.7 
4.227 0.7 | 3.603 0.5 | 4.037 0.7) 4.135 0.3) 4.467 0.3] 3.437 0.3 
4.051 0.4 | 3.454 0.7/| 3.882 0.4) 3.869 0.5/ 4.170 0.2} 3.289 0.2 
3.818 0.5 | 3.373 0.6 | 3.751 0.7| 3.784 0.6 | 3.955 0.6) 3.123 0.5 
3.651 0.4 | 3.215 0.4| 3.590 0.6| 3.712 0.4| 3.865 0.8| 3.033 0.6 
3.490 0.4 | 3.137 0.4 | 3.332 0.4| 3.546 0.5 | 3.612 0.6| 2.970 0.2 
3.273 0.8 | 2.936 0.4| 3.257 0.5| 3.435 0.4| 3.500 0.5 | 2.803 0.4 
3.127 0.3 | 2.871 0.3| 3.172 0.5| 3.250 0.4| 3.296 0.5 | 2.688 0.4 
3.068 0.3 | 2.767 0.5) 3.067 0.4 | 3.1381 0.4] 3.171 0.4] 2.574 0.5 
2.901 0.3 2.650 0.4| 3.006 0.1! 3.025 0.3} 3.072 0.3| 2.377 0.5 
2.837 0.3 | 2.554 0.4] 2.840 0.4! 2.948 0.5) 2.980 0.6| 2.311 0.3 
2.759 0.4 2.438 0.5 | 2.760 0.1| 2.844 0.5| 2.890 0.7| 2.255 0.5 
2.641 0.6 | 2.340 0.3} 2.711 0.3| 2.749 0.5 | 2.771 0.7| 2.184 0.1 
2.522 0.5 2.298 0.3| 2.663 0.3 2.634 0.3| 2.659 0.2| 2.118 0.4 
2.435 0.5 2.254 0.2| 2.609 0.3 2.564 0.3) 2.592 0.2} 2.072 0.1 
2.359 0.1 2.195 0.2 | 2.5388 0.4| 2.430 0.1| 2.4388 0.5 | 2.032 0.3 
2.250 0.1 2.1833 0.2} 2.470 0.2) 2.409 0.1! 2.342 0.8! 1.936 0.4 
2.170 0.1 2.077 0.4| 2.400 0.2.) 2.386 0.2} 2.203 0.2| 1.854 0.5 
2.104 0.2 1.977 0.3 | 2.330 0.1) 2.314.0.5| 2.140 0.6] 1.794 0.3 
2.033 0.6 | 1.789 0.5 | 2.294 0.1| 2.1381 0.5| 2.08 0.5! 1.753 0.1 
1.979 0.1 1.682 0.1 | 2.255 0.1 | 2.099 0.3| 2.045 0.1| 1.719 0.3 
1.930 0.2 1.614 0.2| 2.220 0.1| 2.075 0.4} 1.980 0.1 | 1.667 0.1 
1.872 0.2 1.574 0.2/ 2.169 0.2/ 2.004 0.2| 1.927 0.3] 1.640 0.1 
1.843 0.1 1.496 O-1 | 2.048 0.2| 1.955 0.2} 1.895 0.2) 1.526 0.3 
1.818 0.2 1.420 0.1) 1.967 0.1} 1.900 0.2) 1.851 0.2| 1.493 0.1 
1.678 0.2 | 1.912 0.2) 1.883 0.1 | 1.805 0.2| 1.452 0.1 
1.646 0.1 | 1.857 0.1 | 1.819 0.1] 1.771 0.3] 1.415 0.2 
1.613 0.2 | 1.807 0.1 | 1.760 0.2| 1.738 0.3| 1.360 0.1 
1.568 0.1 | 1.746 0.1 | 1.732 0.2| 1.722 0.1] 
1.512 0.1 | 1.704 0.1] 1.677 0.1 | 
1.443 0.1 | | 1.617 <.1] 1.650 0.1 
1.404 0.1 | 1.591 <.1]| 1.626 0.1 
1.363 0.1 1.515 0.1 | 1.598 0.1 
| 1.488 <.1| 1.568 0.2 | 
| 1.455 0.1 | 1.527 0.3 
| 1.406 <.1| 1.481 0.1 
| 1.384 <.1| 1.463 0.2 
1.350 0.1 | 1.442 0.1 
| 1.317 0.1 | 1.424 0.1 
| 1.388 0.1 
| 1.329 0.1 
| | | 1.310 0.1 
| 1.277 0.1 | 
| 1.252 0.1 
1.199 0.1 
| 1.153 0.1 


! 





| 








*Intensities determined visually. Largest d value measurable with equipment about 17A. 
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Fig. 1. Mixed melting ranges of the 1-methoxy-2-halomercuricyclohexanes. 
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Fig. 2. Mixed melting ranges of the 1-methoxy-2-halomercuricyclopentanes. 
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TABLE III 
DIPOLE MOMENTS OF MERCURIALS (+ 0.2) 




















2-Methoxycyclopentylmercuric | 2-Methoxycyclohexylmercuric 
halides halides 
a B a B 
sient lee = ae | 
Halide u Halide yu | Halide uz Halide yu 
Cl 2.9 <2 | ch 22 Cl >4 
Br 3.4 | Br 4.7 | Br 4.5 Br >4 
3.2 I 3.9 | I 3.7 I >4 





derived from cyclohexene and cyclopentene, which resemble cis-geoisomeric 
alkenes in a stereochemical sense. Thus the moments of the a-2-methoxy-1, 2- 
diphenylethylmercuric halides derived from cis-stilbene (5) are higher (Cl, 
4.3; Br, 4.6; I, 4.0) than the moments of the 6-diastereomers (Cl, 3.3; Br, 3.6) 
derived from trans-stilbene. However one correlation among the mercurials 
derived from cyclohexene, cyclopentene, and stilbene can be drawn, namely, 
that the oxymercurial with the lowest dipole moment is the one most easily 
split to the parent alkene by use of hydrochloric acid. 
EXPERIMENTAL 

a-2-Methoxycyclopentylmercuric Chloride 

A suspension of 89.4 gm. (0.28 mole) of mercuric acetate in 20 ml. (0.226 
mole) of cyclopentene (b.p. 44-44.8°) and 400 ml. of methanol became homo- 
geneous after it was stirred for two minutes at 25°C. Titration of several aliquots 
showed that reaction was complete. After 12 hr. the solution was treated with 
78-ml. (0.195 mole) of 10% aqueous sodium hydroxide and the yellow turbidity 
was removed by filtration. The filtrate was treated with an excess of 5% 
aqueous sodium chloride. The precipitate (64 gm., 88%), m.p. 76-77°C., was 
crystallized from 195 ml. of hot 95% ethanol, using Nuchar, m.p. 83.3-83.7°C. 
It may also be crystallized from butanone-2 (4 ml. per gm.). Calc. for 
CsHnOHgCl: C, 21.5; H, 3.29. Found: C, 21.3; H, 3.34. 
a-2-Methoxycyclopentylmercuric Bromide 

An identical procedure using sodium bromide as the precipitant gave a 90% 
vield of crude product, m.p. 75°C., which was crystallized from hot 95% ethanol 
(4 ml. per gm.), m.p. 82-82.3°C. Calc. for CsHiOHgBr: C, 19.0; H, 2.93. 
Found: C, 18.8; H, 2.85. 
a-2-Methoxycyclopentylmercuric Iodide 

A mixture of 44.7 gm. (0.14 mole) of mercuric acetate, 10 ml. (0.14 mole) 
of crude cyclopentene and 200 ml. of methanol was allowed to react for seven 
hours. Then 56 ml. (0.14 mole) of 10% aqueous sodium hydroxide was added to 
the stirred solution during 15 min. The grayish-yellow precipitate was filtered 
off, the filtrate being received into a stirred solution of 42 gm. (0.28 mole) of 
sodium iodide in 300 ml. of water which was maintained at 20°. When the 
substance is already available, it is well to seed at this point. The crude mercurial 
was filtered off, 38.5 gm. (65%), m.p. 56°C. This mercurial was crystallized 
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from hot methanol (5 ml. per gm.), m.p. 60.5-61°C. Calc. for CsH:OHgl: 
C, 16.9; H, 2.61. Found: C, 17.0; H, 2.73. 


B-2-Methoxycyclopentylmercuric Chloride 


A solution of 16.7 gm. (0.05 mole) of the a-diastereomer in 80 ml. (0.1 mole) 
of 5% aqueous sodium hydroxide was heated to incipient boiling. During the 
next hour, 0.5 ml. (0.008 mole) of 85% hydrazine hydrate was added. The 
mixture was refluxed for one hour, then cooled and 3.62 gm. (0.0175 atom) of 
metallic mercury was separated. The aqueous phase was filtered, treated with 
excess of sodium chloride, and then with gaseous carbon dioxide. The precipita- 
ted oil solidified when it was chilled, 9.62 gm., m.p. 30-35°C. This was dissolved 
in 30 ml. of methanol, and 1.3 ml. (0.013 mole) of concentrated hydrochloric 
acid for exactly one minute. The whole was poured quickly into 20 ml. (0.05 
mole) of 10% alkali. After an hour the mercuric oxide was filtered or centrifuged, 
and the filtrate was treated with gaseous carbon dioxide. The precipitate 
(6.1 gm., 40%), m.p. 56-57°C., was crystallized from hot methanol (3 ml. per 
gm.) with Nuchar, m.p. 59-59.5°C. A mixture melting point with the a-diastere- 
omer was depressed. Calc. for CsH WOHgCl: C, 21.5; H, 3.29. Found: C, 21.7; 
H, 3.43. 


B-2-Methoxycyclopentylmercuric Bromide 

The residues from crystallization of the a-diastereomer weighed 20 gm. 
Calculating this residue as a-diastereomer (0.052 mole), it was suspended in 
100 ml. (0.125 mole) of 5% aqueous sodium hydroxide and boiled while 0.72 ml. 
(0.01 mole) of 85% hydrazine hydrate was added during three hours. After 
cooling, diethyl ether was added and the mercury was separated. Gaseous 
carbon dioxide was bubbled through the combined etherous and aqueous layers, 
and the oil which precipitated was dissolved in alkali-washed chloroform. 
This solution was filtered and evaporated, leaving 8 gm. of oil. The oil was 
dissolved in 25 ml. of methanol and was treated with 1.5 ml. of 48% hydrobromic 
acid for exactly one minute at 20°C. The whole was poured into 100 ml. of 5% 
aqueous sodium hydroxide. This solution was ice-cooled while it was neutralized 
with hydrobromic acid until the mercuric oxide redissolved. The crude product, 
m.p. ca. 50°C., weighed 5.34 gm. (26%). It was redissolved in 200 ml. of 3% 
aqueous sodium hydroxide, treated with acetylene black, and acidified with 
gaseous carbon dioxide. The precipitate (3.95 gm., m.p. 56-58°C.) was crystal- 
lized from hot methanol (3 ml. per gm.) with Nuchar, m.p. 59.5-60°C. A mixture 
melting point with the a-diastereomer was lowered to 37°. Calc. for CsH:,OHgBr: 
C, 19.0; H, 2.93. Found: C, 19.2; H, 2.99. 


B-2-Methoxycyclopentylmercuric Iodide 

A suspension of 13.8 gm. (0.0324 mole) of a-2-methoxycyclopentylmercuric 
iodide in 80 ml. (0.01 mole) of 5% aqueous sodium hydroxide was heated to boiling 
while 0.32 ml. (0.051 mole) of 85% hydrazine hydrate was added during 10 min. 
The suspension was then boiled for one hour to decrease the volume to half that 
of the original mixture. After cooling and addition of diethyl ether the metallic 
mercury was separated. The etherous layer was evaporated and the residue was 
dissolved in 30 ml.of methanol. This solution was heated with 4.7 gm. (0.0015 
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mole) of mercuric acetate for 30 min. The methanol was evaporated during 
this time; the residue was dissolved in water and chloroform. The chloroform 
layer was evaporated. Most of the residue dissolved in 75 ml. of methanol, and 
this solution at 20°C. was treated for exactly one minute with 1 ml. of 47% 
hydriodic acid. The whole was then quickly poured into 20 ml. (0.05 mole) of 
aqueous sodium hydroxide. The cloudy suspension was saturated with gaseous 
carbon dioxide. The precipitated oil was dissolved in chloroform, and this 
solution was filtered to remove mercuric iodide; the filtrate was vacuum- 
evaporated. The residual oil was dissolved in 10 ml. of ether, chilled to —20°C., 
and filtered cold to remove 2.50 gm. (18%) of 8-diastereomer, m.p. 42-43°C. 
This product was crystallized from methanol (7 ml. per gm.), m.p. 44.5-45°C. 
If the crude product has a melting point lower than 40°, it should be re-treated 
with hydriodic acid rather than purified by crystallization. A mixture melting 
point of the a- and £-diastereomers was lowered below 25°C. Calc. for 
C.sHOHg!I: C, 16.9; H, 2.84. Found: C, 16.5; H, 2.80. 
Determinations of Dipole Moments 

The dielectric constants of the methoxymercurials were determined in 
benzene solution (€ = 2.26) or dioxane (€ = 2.27). Comparable determina- 
tions of a-2-methoxycyclopentylmercuric chloride showed identical results 
within the limits of our precision with the two solvents. The determinations 
were made with a type 3A dielectric constant meter (Yellow Springs Instrument 
Co., Yellow Springs, Ohio) at 20° + 0.05°C. This crude instrument could be 
used only because the dielectric constants of these mercurials seem to be inde- 
pendent of concentration in the weight fraction range 0.1-0.005-0.0025. The 
dielectric constants at these three concentrations extrapolated to the constants 
of the pure solvent + 0.02. The dipole moments were calculated by the method 
of Halverstadt and Kumler (3), the atomic and electronic polarizations having 
been estimated from the refractive indices of the solutions. 
Thermal Analyses 

Thermal analyses were carried out by capillary melting point with a heating 
rate of 1° per three minutes in a metal block. Three accurately weighed mixtures 
of each pair of components were dissolved in dioxane and the solutions were 
evaporated in order to obtain the intermediate compositions in each analysis. 
The appearance of first liquid and the disappearance of the last crystal are 
recorded in Figs. 1 and 2. 
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LYCOPODIUM ALKALOIDS 


II. SOME REACTIONS OF THE PERMANGANATE OXIDATION PRODUCT OF 
ANNOTININE! 


By Davip B. MAcLEAN AND H. C. PRIME? 


ABSTRACT 


The permanganate oxidation product of annotinine is shown to be an amide 
that contains the ether ring of annotinine still intact. The Clemmensen reduction 
of this compound to the saturated base, CisH2302N, was re-examined. A number of 
intermediates were isolated from the system and these were also prepared from 
the oxidation product by other methods. Analogous reactions of annotinine 
chlorohydrin were also studied. From these results suggestions are presented 
regarding the size of the ether ring and its position relative to the nitrogen atom. 


Annotinine, CisH2,0O3;N, is one of the major alkaloids isolated from the 
Lycopodium group. Manske and Marion (2) have reported a number of reactions 
of the base from which a lactone ring, an ether bridge, and a tertiary nitrogen 
atom were established as the reactive functional groups in the molecule. One 
of the reactions reported was an oxidation of annotinine with permanganate to 
the compound C,sHi1s04N. This compound, hereinafter referred to as the 
oxidation product, was reported to be an amine, and because of its conversion 
by Clemmensen reduction to the saturated base, CisH2;02N, it was suggested 
that it contained two carbonyl groups formed by oxidation at both ends of an 
ether bridge. Because of the lack of color and general stability of the compound 
they suggested that the two carbonyl groups were either 1, 4 or 1, 5, and by 
inference, therefore, established the ether ring as five or six membered. A 
re-examination of the oxidation reaction revealed that the product was not a 
base but an amide. Therefore another interpretation of these results was neces- 
sary and the present work was designed to this end. 

An amide linkage in the oxidation product of annotinine could be formed 
by the method outlined above. This would fix one end of the ether bridge 
adjacent to the nitrogen atom. Alternatively, this could be achieved by oxidation 
of a methylene group adjacent to nitrogen. In the second case the original ether 
ring would still be present in the oxidation product. The following results 
indicate that the latter alternative applies. 

The oxidation product readily undergoes reaction with concentrated aqueous 
hydrochloric acid to give a chlorohydrin, CisH2O4NCl (1) which on prolonged 
refluxing with the same reagent yields the dehydration product of this chloro- 
hydrin, CigH1s03;NCI (11). I] may be prepared in good yield by dehydration 
of I with phosphorus oxychloride. The formation of I apparently proceeds through 
fission of an oxide ring with the formation of an hydroxyl and a chloro group. 

1 Manuscript received January 21, 1958. 
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Upon treatment of these compounds with dilute permanganate, II reacted 
readily but I remained unaffected. This confirms the unsaturation in II and 
suggests that the hydroxy] group in I is tertiary. I underwent ring closure to 
reform the oxidation product on refluxing with sodium bicarbonate in acetone. 
Treatment of I with hydrogen over Adams catalyst resuJted in the isolation of 
two products, CigH2O4.N (IIT) and CigH2103N (IV). In the formation of III 
the chloro group was eliminated by hydrogenolysis, and in the formation of IV 
both the chloro and hydroxyl groups were eliminated. A similar treatment of II 
yielded IV as the sole product, formed by saturation of the double bond and 
hydrogenolysis of the chloro group. 

Both III and IV were resistant to dilute permanganate indicating that 
both were saturated, and that the hydroxyl group in III was probably tertiary. 
III underwent dehydration on refluxing with phosphorus oxychloride to yield 
CieHiyO3N (V). However, III was virtually unaffected after prolonged boiling 
with concentrated hydrochloric acid. The presence of a double bond in V is 
indicated by its reaction with permanganate. III was also recovered unchanged 
after treatment with hydrogen over Adams catalyst indicating that removal 
of hydroxyl in the similar treatment of I was probably contingent upon the 
presence of the chloro group. 

The reactions of I contrast with those of annotinine chlorohydrin (2). This 
compound underwent no reaction upon similar treatment with sodium bicarbon- 
ate in acetone, concentrated hydrochloric acid, phosphorus oxychloride, and 
hydrogen over Adams catalyst. Recovery of the starting material was quanti- 
tative in three of the tour cases. The exception was the treatment with phosphorus 
oxychloride where the only product recovered was the starting material. There 
was, however, a considerable loss presumably due to a side reaction involving 
the lactone ring. 

The only structural difference between the two chlorohydrins is the replace- 
ment of a -CH.-N by a —C(=O)-N group. The increased lability of the chloro 
and hydroxyl groups in the chlorohydrin of the oxidation product must be 
dependent upon this factor. This suggests that the ether ring is attached adja- 
cent to the carbonyl carbon of the amide group. The effect that the chloro and 
hydroxyl groups appear to exert on one another, as in the ready removal by 
hydrogenolysis and Clemmensen reduction of the hydroxy! group in the presence 
of chlorine, and the ring closure with sodium bicarbonate, suggests that the 
chloro and hydroxy! group are adjacent. The ether ring would therefore be an 
epoxide ring. 

With these assumptions the addition of hydrochloric acid to the oxidation 
product would proceed as outlined: 


e c OH 
So | 
HC/ + HCI———_——» CIC-H 


Cad C=u0 


-N- -N- 
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and to annotinine: 


x Lon 
7 \o | 
nC/ +nO———» OCH 
| | 
CH, CH: 
| | 
_N- _N- ; 


Both additions are considered to proceed trans and with inversion at the carbon 
carrying the chloro group. 

According to the accepted theory of trans elimination, both compounds would 
dehydrate with difficulty. The dehydration of the chlorohydrin of the oxidation 
product can be accounted for by isomerization at the carbon carrying the chloro 
group because of the lability of the amide linkage in the ionizing media employed. 
Such isomerization is not possible with annotinine chlorohydrin and dehydration 
was not brought about by similar treatment. Replacement of chlorine by hydro- 
gen should allow facile dehydration and indeed it does proceed. However, a 
dehydration product could not be isolated on treatment of III with concentrated 
hydrochloric acid. Apparently the presence of halogen tends to aid the separation 
of-the proton in the dehydration reaction. The compound from annotinine 
analogous to III has not been studied. However, Manske and Marion (2) 
report that annotinine chlorohydrin undergoes hydrogenolysis of the chloro 
group, and dehydration to an unsaturated base, CigH21O2N, upon treatment 
with hydrochloric acid and chromous chloride. This reaction is interpreted to 
proceed through replacement of chlorine by hydrogen followed by dehydration 
in the acid medium. The hydrogen introduced would have been then in the 
proper steric relationship to allow facile dehydration. 

The lack of reactivity of the tertiary hydroxyl group to displacement reactions 
with hydrochloric acid and phosphorus oxychloride when dehydration does not 
occur, suggests that it may be of the type studied by Bartlett (1), where the 
carbon atom is attached to a rigid ring structure with the hydroxyl group fixed in 
space. In compounds of this type displacement reactions which proceed through 
inversion do not occur. Reactions of the type investigated, i.e., treatment with 
concentrated hydrochloric acid and phosphorus oxychloride, would be expected to 
proceed through a nucleophilic displacement mechanism with inversion. The 
unreactivity of the tertiary hydroxyl group can thus be accounted for, and it is 
not unlikely that such a configuration could exist in this multimembered ring 
system. 

An objection to the postulated epoxide ring in annotinine may be raised on 
the grounds that the annotinine hydrate of Manske and Marion (2) does not 
react with periodic acid. This hydrate according to the present theory would be a 
1,2-diol. However, it would also be a cyclic trans-diol and therefore would oxidize 
with difficulty. Furthermore, the reaction may be impeded for steric reasons 
due to the complex ring system which must be present in this molecule. A more 
serious objection to the whole argument is that it is based in part upon the 
assumption that dehydration must proceed in the direction of the nitrogen 
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atom. Nevertheless, the theories proposed above account very well for the known 
reactions of annotinine and its oxidation product. Furthermore, they should 
serve as a guide to further work toward elucidation of the structure. 

Examination of the Clemmensen reduction of the oxidation product revealed 
that besides the saturated base CigsH23;02N, compound III was formed in good 
vield along with a smaller amount of IV. The nonbasic material was formed in 
much higher yield than the base. Attempts to isolate I proved unsuccessful even 
after a reaction period of only forty minutes. It is possible, therefore, that oxide 
fission in this reaction proceeds by hydrogenolysis as well as by the action of 
hydrochloric acid. The isolation of III and IV suggested that they were possible 
intermediates in the system and their behavior was therefore examined separately. 
Both III and IV yielded only small amounts of the saturated base, CigsH2;0.N, 
even after prolonged reaction periods. 

I and II were also treated under conditions similar to those above. I was 
rapidly converted to a mixture of III and IV. II was rapidly converted to IV 
as the sole nonbasic product. Both I and II formed the saturated base C1gH2;02N 
in poor yield relative to the formation of the nonbasic components. 

The results of these reactions indicate that the Clemmensen reduction of 
these compounds involves a direct reduction of an amide to an amine, a circum- 
stance not usually associated with this type of reaction. The removal of the 
chloro and hydroxy! groups is not typical of this reaction but has been reported 
for a-chloro acids and a-chloro ketones and for 6-hydroxy acids. Furthermore, 
the reduction of the double bond in the conversion of II to 1V by the Clemmensen 
method finds an analogy in the saturation of the double bond in a,8-unsaturated 
acids (3). All of the reactions therefore tend to confirm the supposition that the 
oxide linkage is 1,2, and, furthermore, that it is situated at the carbon atom, 
adjacent to the carbonyl group of the amide. 

EXPERIMENTAL 
Preparation of Cyl ig0sN 

Annotinine (3.0 gm.) was dissolved in an aqueous solution of 1.0 gm. of 
oxalic acid in 100 cc. of water. The solution was treated with aqueous potassium 
permanganate until the color of the permanganate was permanent. The excess 
reagent and the precipitated manganese dioxide were reduced with sulphur 
dioxide gas leaving a clear aqueous solution containing a suspended white 
precipitate of the oxidation product. The suspended solid was removed by 
shaking with chloroform and the clear solution was extracted several times 
more with fresh chloroform. The combined extracts were evaporated nearly to 
dryness and methanol was added whereupon the oxidation product separated 
in crystalline form. After recrystallization from methanol it melted at 234°C. 
Yield: 2.1 gm. 


Treatment of Cyef1iyO4N with Hydrochloric Acid 

The oxidation product (1.85 gm.) was refluxed with 60 cc. of concentrated 
hydrochloric acid for forty minutes. The mixture was cooled to room temperature 
and the separated crystalline solid filtered off. Yield: 1.5 gm. Evaporation of the 
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acid filtrate to dryness followed by crystallization of the residue from methanol 
resulted in the recovery of an additional 0.15 gm. After recrystallization from 
methanol it melted at 293°C. Calc. for CisgH2OsNCl: C, 59.00; H,6.15; N, 4.30%. 
Found: C, 59.07, 59.04, H, 6.42, 6.24; N, 4.45, 4.35%. 

Dehydration of CigH2090sNCI (I) 

(a) With phosphorus oxychloride: 1.0 gm. of the chlorohydrin was refluxed 
for one and one-half hours, with 25 cc. of phosphorus oxychloride. The material 
entered solution only slowly but was completely dissolved after about one-half 
hour. The phosphorus oxychloride was removed under reduced pressure and the 
residue was taken up in water. 

The acid solution was extracted several times with chloroform. The chloroform 
extract was washed, dried, and evaporated to yield a colored residue which 
crystallized in contact with ether. After two recrystallizations from methanol 
it melted at 187°C. Yield: 0.7 gm. Calc. for CigHis03;NCI: C, 62.50: H, 5.85%. 
Found: C, 62.30, 62.27: H, 6.13, 6.10%. 

(6) With concentrated hydrochloric acid: The chlorohydrin was prepared 
in situ from 0.33 gm. of the oxidation product and 25 cc. of concentrated 
hydrochloric acid. The mixture was refluxed for a period of seven hours during 
which the chlorohydrin slowly dissolved. The hydrochloric acid was removed 
under reduced pressure, water was added, and the solution again taken to dry- 
ness to aid in removal of the hydrochloric acid. The residue was taken up in 
methanol to yield a small amount of the starting material which was separated 
by filtration. The filtrate was taken to dryness and the residue ether extracted. 
The other extract was concentrated to yield a crystalline product, 0.11 gm., 
which, after recrystallization from methanol, melted at 187°C. There was no 
depression in melting point when this compound was mixed with the product 
of dehydration of the chlorohydrin with phosphorus oxychloride. The ether 
insoluble fraction was water soluble and failed to crystallize. It was probably 
an amino acid chloride although attempts to isolate it as an N-benzene sulphona- 
mide were not successful. 


Treatment of Cigl290,NCl (1) with Sodium Bicarbonate in Acetone 

Chlorohydrin (0.37 gm.) was taken up in 25 cc. acetone; 0.15 gm. of sodium 
bicarbonate and 3 cc. of water were added and the mixture was refluxed for four 
hours. The acetone was then removed by distillation and water added. The 
white crystalline precipitate which separated was extracted with chloroform 
and the chloroform extract washed and taken to dryness. The residue was taken 
up in methanol from which 0.26 gm. of a white crystalline solid separated. 
It melted at 233-234°C. either alone or in admixture with an authentic sample 
of the oxidation product. An additional 0.04 gm. of similar material was recovered 
from the mother liquors. 


Catalytic Reduction of CyefaO0O NC (1) 
Chlorohydrin (0.6 gm.) was taken up in methanol, 0.1 gm. of Adams catalyst, 


“and a drop of ammonia added, and the mixture shaken for six hours with 
hydrogen at 40 p.s.i.g. The resulting solution was filtered free of catalyst and 
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concentrated to yield 0.2 gm. of a white crystalline solid. The mother liquors 
were taken to dryness and treated with acetone to yield an additional 0.1 gm. 
of this product. After recrystallization from methanol it melted at 303°C. 
Calc. for CigH210.,N: C, 66.00, H, 7.23; N, 4.82%. Found: C, 66.12, 65.91; 
H, 7.61, 7.47; N, 4.98, 4.90%. 

From the acetone mother liquors from the separation above, another material 
separated in crystalline form. After several recrystallizations from acetone it 
melted at 176-177°C. Calc. for CigH2103N: C, 69.81; H, 7.63, N, 5.09%. Found: 
C, 69.90, 69.73; H, 7.46, 7.59; N, 4.85, 4.9%. 

Catalytic Reduction of CisHis03NClI (II) 

The compound was dissolved in methanol, the catalyst and a few drops of 
ammonia were added, and the mixture was subjected to a hydrogen pressure of 
50 p.s.i.g. for two hours. After the pressure was released the solution was filtered 
free of catalyst and taken to dryness. The residues were taken up in acetone 
from which a crystalline compound separated which melted at 176-177°C. 
The melting point showed ho depression in admixture with the compound 
CieH2:03N described above. 

Dehydration of Cisl204N (IIT) 

(a) With phosphorus oxychloride: 0.4 gm. of the compound was refluxed with 
20 cc. of phosphorus oxychloride. During the course of the reaction the crystalline 
starting material disintegrated and a flocculent red precipitate settled out on 
the sides of the flask. At no time was a homogeneous mixture obtained. After 
one hour the excess phosphorus oxychloride was removed under reduced pressure 
and the residue treated with water and made alkaline with ammonia. Extraction 
with chloroform yielded a colored solution which on evaporation produced a 
colored crystalline residue. After several recrystallizations from acetone the 
compound melted sharply at 174-175°C. although the crystals were still slightly 
discolored. Cale. for CigHigQO3N: C, 70.33; H, 6.96, N, 5.12%. Found: C, 70.14, 
70.16; H, 6.46, 6.61, N, 5.09, 5.28%. 

(6) With concentrated hydrochloric acid: 0.52 gm. of CigH2OuN was taken 
up in 20 cc. of concentrated hydrochloric, in which it readily dissolved, and 
refluxed for seven hours. The hydrochloric acid was then removed under reduced 
pressure and the residue taken up in methanol. Upon concentration of the 
methanol solution a white crystalline compound separated, 0.27 gm. The mother 
liquors were concentrated and treated with acetone to yield an additional 
0.18 gm. of similar material. The residues from the above separation proved to 
be water soluble and could not be brought to crystallization. The compound 
isolated proved to be impure starting material which sintered at 280°C. but 
failed to melt until 302°C. The melting point was not depressed in admixture 
with the pure starting material. After one recrystallization from methanol, the 
product melted at 302-303°C. either alone or in admixture with pure starting 
material. No other product could be isolated from the reaction mixture by the 
methods employed. 


Clemmensen Reduction of Cigl\9041N 


The oxidation product (0.95 gm.) was refluxed for 40 min. with 10 gm. of 
zinc amalgam and 20 cc. of 1:1 water and concentrated hydrochloric acid. 
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The clear acid solution was filtered free of suspended zinc and takén to dryness 
on the steam bath under reduced pressure. Addition of water followed by 
chloroform extraction yielded an extract which deposited 0.23 gm. of a white 
crystalline solid on evaporation and addition of methanol. An additional 0.12 gm. 
of the same material was recovered from the mother liquors by treatment with 
acetone. After recrystallization from methanol the compound melted at 301- 
303°C. alone or mixed with an authentic sample of C;sH2,04N (III). The acetone 
mother liquors from the separation of compound III deposited 0.20 gm. of 
another crystalline substance which melted at 175-177°C. alone or mixed with 
an authentic sample of CigH210;N (IV). There remained 0.07 gm. of acetone 
soluble noncrystalline residue which was probably impure IV. 

The residual acid solution from the chloroform extraction was basified with - 
ammonia and again chloroform extracted. A resinous residue was obtained on 
evaporation of the washed extract. When this residue was dissolved in methanol 
and treated with perchloric acid, 0.16 gm. of a crystalline perchlorate separated. 
After recrystallization from methanol it melted at 254°C. with some decomposi- 
tion. In admixture with a sample of CigH2302N, HClO, prepared by an alter- 
native route (2) there was no depression in melting point. Manske and Marion 
report a melting point of 282°C. for the compound. The free bases were also 
prepared and again found identical. 


Clemmensen Reduction of CigH204NCl (1) 


The chlorohydrin (1.0 gm.) was treated for a period of one hour in a fashion 
similar to the above. The basic extract amounting to 0.13 gm. as perclalorate 
proved to be identical with the above while the acid extract was worked up to 
yield the compounds CisH2:04N (IIT), 0.23 gm., and CigH203N (IV), 0.36 gm., 
identified by melting point and mixed melting point with authentic samples. 


Clemmensen Reduction of CigH,30;NCl (IT) 


The reaction was carried out for a period of two hours in a fashion similar 
to the above. The basic extract was identical with that described above. The 
acid extract after recrystallization from acetone yielded CigsH2,03;N (IV) as the 
sole product, identified by melting point and mixed melting point with an 
authentic sample. 


Clemmensen Reduction of CigsH210;N (IV) 

The reaction was carried out for an eight hour period in a manner similar to 
the above. Only a small amount of the base CisH2;02N was formed. The bulk 
of the starting material was recovered unchanged. 


Clemmensen Reduction of CigHOsN (IIT) 


The reaction was carried out for a two hour period in a manner similar to the 
above. Only a small amount of the base CisH2;02.N was formed while the bulk 
of the starting material was recovered unchanged. No other neutral material 
could be isolated after separation of the starting material. 
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THE REACTIVITY OF CELLULOSE 


II. WATER SORPTION, HEATS OF WETTING, AND THE REACTIONS WITH 
THALLOUS ETHYLATE IN ETHER, NITRATION MIXTURES, AND HEAVY WATER 
OF COTTON LINTERS ALTERNATELY WETTED WITH WATER AND DRIED! 


By W. JAMeEs BrICKMAN,? H. BRIAN DuNFoRD,’ ELMER M. Tory,’ JOHN L. 
MorRISON, AND ROBERT K. BROWN 


ABSTRACT 

Cotton linters dewaxed with benzene and alcohol possess a slightly expanded 
structure attributed to the swelling effect of the alcohol. Storage causes a partial 
collapse of the linters especially so when moisture is present. Wetting with 
water followed by rigorous drying produces a marked reduction in accessibility, 
but with each additional wetting—drying cycle accessibility of the dried linters 
increases slightly as measured by reaction with thallous ethylate in ether, a 
nitration mixture, and in hydrogen—deuterium exchange. Differences in nitration 
found for limited reaction times are obliterated when these reaction times are 
extended. Increasing accessibility due to repeated wetting and drying is 
accompanied by lower water sorption and smaller heats of wetting. This anomaly 
is due to the fact that cellulose samples obtained by alternately wetting and 
drying dewaxed linters, when stored with a desiccant, compete for the limited 
amount of water present and adsorb moisture in proportion to their accessibility. 
Upon further exposure to water the sample of least accessibility, having 
adsorbed less water, can now adsorb to a greater extent than do the linters of 
somewhat greater accessibility. 

The evidence indicates that the difference in accessibility occasioned by 
repeated wetting and drying is of a physical rather than chemical nature. 


INTRODUCTION 

The accessibility of cellulose to reagents is a matter of considerable prac- 
tical and theoretical importance and in recent years has been given a great deal 
of attention (6, 12, 16, 19, 21, 28). It has been shown quite conclusively that this 
accessibility is influenced by the previous history of the cellulose sufficiently 
that uniform reactivity is obtained only by the observation of great care in the 
choice and processing of the raw material (14, 25). 

The association of cellulose with water throughout most of its history has 
provoked enquiries regarding the influence that water has upon the properties 
of cellulose. It is generally believed that water itself exercises only a swelling 
effect, producing nothing more than an increase in the amount of accessible 
cellulose at the expense of that portion less highly organized. However, recent 
work indicates that a slight change in dimensions of the unit cell occurs when dry 
mercerized ramie, spun viscose, or regenerated acetate fibers are wetted (15). 
Furthermore, lengthy exposure of wet cellulose to oxygen (air) or ozone is 
reported to produce some degradation of the macromolecule (3, 4). The removal 
of water from cellulose by direct drying methods is accompanied by a decrease 
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in accessibility which influences the reactivity unfavorably (5, 14). In fact to 
avoid this complication pulp is transported in the moist state, in spite of in- 
creased cost, to preserve its reactivity (14). Recently it has been shown that 
purified cotton linters alternately wetted and dried several times exhibited a 
small but significant improvement in reactivity of the dried linters (23). For 
example, a technical nitration mixture of sulphuric acid, nitric acid, and water 
reacting with linters wetted and dried once gave a nitrocellulose containing 
10.96% nitrogen whereas the same mixture reacting under identical conditions 
with the same linters wetted and dried 12 times yielded a nitrate of 11.31% 
nitrogen. This was borne out by measurements of accessibility to thallous ethy- 
late in ether wherein the accessibility increased from 0.33% to 0.56% after 17 
wetting—drying cycles. The enhanced reactivity was attributed to an im- 
proved physical arrangement of the fibrils and/or macromolecular chains 
which permitted better penetration by the reagents during the time allotted 
for the reaction. 

This paper presents further observations on the effect upon the reactivity of 
purified cotton linters of alternate wetting and drying. 


; EXPERIMENTAL 
Preparation of Cotton Linters 


High grade cotton linters were dewaxed by extraction for 48 hr. in a large 
Soxhlet apparatus with a 2:1 mixture of benzene and ethanol. The air-dried 
linters were preserved in glass jars for subsequent experiments. 

A portion of the purified linters was immersed for three hours in distilled 
water at 25°C., then separated from the bulk of the liquid by filtration under 
mild suction. The slightly moist cotton was then dried for several days with 
phosphorus pentoxide in a desiccator intermittently evacuated to about 20 cm. 
of mercury. The material was considered dry when the surface of freshly-added 
phosphorus pentoxide showed no liquefaction over a 24-hr. period. A 10-20 gm. 
sample was kept over phosphoric anhydride in a second large desiccator re- 
served for the preservation of chosen samples while the remainder of the cotton 
was again wetted and dried as before. In this manner there was obtained a 
series of dried linters samples which had been given from zero to as many as 
25 wetting and drying cycles. These were then kept in the dry atmosphere of 
the desiccator for at least two more weeks before further treatment or analysis. 
Several series of samples were prepared in this manner. Any variations in detail 
will be noted in the discussion of results. 


Accessibility to Thallous Ethylate 


The thallation procedure was that developed by Assaf, Haas, and Purves (2). 
Methoxy! analyses were carried out by the method of Hoffman and Wolfrom 
(13). A Glas-Col heating mantle for the reaction flask was found to give less 
bumping and better all-round performance than did an ordinary flame. A 
spherical ground glass joint, rather than a standard taper joint, connected the 
receiver to the scrubbing unit thus decreasing the rigidity of the system and 
consequent danger of breakage. Results are reported in Table I and Fig. 1. 
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Niiration of Dried Cotton Linters 

This was accomplished with a technical nitration mixture of water, sulphuric 
acid, and nitric acid to yield a nitrate containing 10 to 11% nitrogen. Details 
of the procedure have already been published (5, 23). 
Estimation of Nitrogen 

Some of the nitrates were analyzed for nitrogen by the semimicro Kjeldahl 
method (5, 23) but since deviations were rather large the remaining analyses 
were performed with a Du Pont semimicro nitrometer (8). Corrections for 
moisture sorption during weighing were made on all nitrocellullose samples. 
This was accomplished by allowing the dried and weighed nitrocellulose to 
adsorb moisture from the atmosphere until equilibrium was reached (about 
24 hr. was satisfactory). From a final weighing the percentage increase in 
weight due to water was calculated. Portions of this equilibrated nitrocellulose 
were then weighed out, corrected for moisture content, and analyzed (Tables I 
and III, Figs. 2 and 3). 
Accessibility by Hydrogen—Deuterium Exchange 

The technique developed by Frilette, Hanle, and Mark (9, 10) permitted the 
calculation of an empirical value, F, which gave a measure of the percentage of 
hydroxyl groups readily accessible to heavy water. The reference liquids made 
of a solution of purified technical grade phenanthrene in carefully distilled 
a-methylnaphthalene (Eastman Kodak Co.) were found to discolor and accu- 
mulate dark particles unless they were stored in the absence of light. Such 
solutions were filtered and recalibrated before further use. The results of 
exchange determinations are recorded in Table IV and Figs. 4 and 5. 


Sorption of Water by Cotton Linters 

About 500 ml. of a water — sulphuric acid mixture, calculated to produce an 
atmosphere of 45% relative humidity (31), was put into the bottom of a large 
desiccator. The concentration of the acid was checked before and after sorption 
experiments and found to be unaltered within experimental error, thus elimi- 
nating the necessity for corrections due to change in relative humidity. 

Samples (0.5 — 1.0 gm.) of the dried cellulose were weighed in dry, tared, 
wide-mouthed weighing bottles which were then placed in the desiccator in a 
dish supported by a porcelain plate. The cover of each weighing bottle was so 
arranged that it permitted easy access of air to the cellulose yet could be slipped 
quickly over the mouth of the bottle to exclude atmospheric moisture during 
the subsequent weighings. The samples were allowed to adsorb moisture and 
their weights determined periodically. The percentage increase in weight due 
to adsorbed moisture was based upon the original weight of the dried linters. 
Results are shown in Table V and Fig. 6. 


Determination of Heat of Wetting of Dried Cotton Linters 

The heat of wetting of the dried cotton linters was measured with a rotating 
adiabatic calorimeter described in the literature (17, 18) and used by Argue and 
Maass to determine the heat of wetting of cellulose samples (1). However, a 
few slight changes were made in the design as follows. 
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The thermopile was held only by the shellac placed on the lower junctions, 
thus eliminating the thin glass supports described for the original apparatus. 
A stainless steel plug sealed the opening through which water was pipetted into 
the calorimeter. Vaseline ensured a water-tight seal here as well as on the end 
flange of the calorimeter. Bolts with wing-type nuts, rather than clamps, held 
the flange with its Garlock gasket onto the copper jacket containing the calori- 
meter. All switches were of the mercury commutator type. Finally, a cover 
shielded the bath from drafts so as to permit better adiabatic control. 

For a typical determination the sample of cellulose (2 gm.) was removed 
from the storage desiccator and put into the weighed inner box of the calori- 
meter. The sample with its container was then oven-dried at 105°C. for two 
hours, and then allowed to cool in a desiccator containing phosphoric anhy- 
dride. This desiccator was so constructed as to speed up cooling and minimize 
entrance of outside air when it was opened. (A hollow metal cylinder, 9 in. in 
diameter and 5 in. deep was covered with a glass plate sealed to the metal with 
De Khotinsky cement. A hole in this glass top, 4 in. in diameter, covered with 
an ordinary glass desiccator top allowed access to the container.) When the 
apparatus had reached room temperature the cover was quickly placed on the 
cooled inner box and the weight of the cellulose sample then accurately deter- 
mined. The container with the cellulose was then set into the calorimeter and 
the heat of wetting determined according to the regular procedure. The results 
of the measurements are shown in Table VI and Fig. 7. 


Analysis for Water in Dried Cotton Linters 

Water content was measured by the Karl Fischer titration method, the end 
point being determined electrometrically (24, 26, 30) with the aid of a Model 
H2 Beckman pH meter equipped with two platinum electrodes. Pure, dried 
methanol, stirred mechanically, was titrated in an enclosed beaker to the end 
point withstandardized Karl Fischerreagent. Anoptimum amount (0.6-0.7 gm.) 
of the dried cotton linters was then immersed in the methanol and the mixture 
stirred for several minutes whereupon the addition of the Karl Fischer reagent 
was continued till the end point was reached. This. end point is premature 
unless the linters move freely in the beaker. Results are shown in Table VII. 


DISCUSSION 


Five different series of wetted and dried linters samples were: prepared for 
the work described in this paper. Series A, which was given three-hour immer- 
sion periods for each wetting followed by drying for an extended period of from 
3 to 20 days (depending upon the mass of moist cellulose to be dried) under 
intermittent vacuum over phosphorus pentoxide, supplied material for deter- 
minations of water sorption and of accessibility to thallous ethylate, nitration 
mixtures, and heavy water. Series B, similarly prepared approximately one 
year later, permitted corroboration of some results obtained for Series A. 
Series C and D were given three-hour immersions followed by a preliminary 
overnight air drying to speed up the process, then further intensive drying for 
48 hr. with phosphoric anhydride. Heats of wetting were obtained with the 








554 CANADIAN JOURNAL OF CHEMISTRY. VOL. 31 


linters of Series C while Series D was reserved for measurements of water 
content. Inadvertently, the temperature of the water during wetting 19 of 
Series A rose to 70°C. Therefore to support some findings which followed from 
this rise in temperature a fifth series (Series HT) was prepared, two months 
after Series A had been completed, but soaked in water for three hours at 
80°C. rather than at 25°C. during each wetting. Drying was accomplished as 
usual with phosphorus pentoxide for periods from 14 to 26 days. 

As found previously (23), accessibility to thallous ethylate in ether and to 
nitration mixtures increased with the number of cycles of wetting and drying 
(Table I, Figs. 1 and 2). 

TABLE I 


ACCESSIBILITY OF ALTERNATELY WETTED AND DRIED COTTON LINTERS TO THALLOUS ETHYLATE 
AND TO NITRATION MIXTURES 




















Series A 
No. of Accessibility to thallous ethylate, % Average N: in the 
cycles nitrates, % 

Determination number® | ‘Dies Kjeldahi@ Nitro- 
| Average | humidi- | | meter® 

| 1 2 | 3 | fying 

| e <1 fie * | 
0 | 1.65 1.26 | 1.46 | 0.67 | 10.589) | 10.82(6) 
1 | 0.43 0.54 | | 0.48 | 0.43 10. 46(4) 
5 |} 0.63 0.56 | 0.60 | 0.387 10.29(7) | 10.72(4) 

9 0.67 0.57 | 0.62 0.47 

13 | 0.84 0.57 0.48 0.63 | 0.53 | 10.49(11) | 
17 0.82 | 0.56 0.56 0.65 | 0.49 | | 10.99(4) 
21 0.644 | 0.67 0.64 0.65 | 0.44 | | 10.82(4) 
25 0.87 0.67 0.74 0.76 0.39 10.86(6) | 11.02(5) 





“Each figure represents the average of three determinations made simultaneously agreeing well 
within +10%. 
Accessibility after exposure of Series A samples to 45% relative humidity and redrying with 
phosphorus pentoxide. 
©All nitrocellulose samples corrected for adsorbed moisture. 
“ Figures in brackets indicate the number of analyses made. Nitrometer values deviated <+0.05%; 
Kjeldahl values deviated much more than this. 














et T T T T U 

4 : 
> +2 a 
=4 
= 
a 
2 10 - 
Ww 
oO 
2 j 
<08 ro) 
— 
= Pn sine, “ sig 
C06 o_O 4 
4 a 
w 
a 

04 - 

1 1 l L 1 
01 13 7 2i 25 


WETTING AND DRYING CYCLES 


Fic. 1. Thallous ethylate accessibility for Series A samples*of wetted and dried cotton 
linters. O - Linters samples wetted at 15°C., then{dried. © - LintersJwetted at 80°C., then 
dried. 
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WETTING AND DRYING CYCLES 


Fic. 2. Nitrogen content of Series A samples nitrated and then analyzed by both Kjeldahl 
(©) and nitrometer (O) methods. 


The original, dewaxed but unwetted cotton linters (0 cycle) show consider- 
ably greater accessibility to both thallous ethylate and the technical nitration 
mixture than they do when given one wetting and drying cycle, an observation 
omitted in the previous work (23). This is to be expected since the process of 
dewaxing with ethanol—benzene should involve some swelling by the polar 
solvent ethanol. As benzene and ethyl alcohol form an azeotropic mixture, 
with the proportions of solvents used evaporation of the remaining mixture of 
solvent during air drying would leave some residual benzene to be finally 
removed. In effect this constitutes drying by solvent exchange (2, 5, 27) 
resulting in at least a partial maintenance of the swollen state. The first 
wetting and drying cycle would therefore show a marked decrease in acces- 
sible cellulose. 

The accessibility of the sample given 21 cycles is somewhat lower than 
expected from the shape of the curve (Figs. 1 and 2). Since this followed 
directly after the accidental rise to 70°C. of the swelling water for wetting 
number 19, it was felt that the lower value might be of some significance 
rather than being due to experimental error. This point of view is supported 
by the observation that portions of the same dewaxed linters used to prepare 
Series A, when wetted with water at 80°C. and dried, showed a decrease in 
accessibility with increase in the number of wetting and drying cycles (Table 
II, Fig. 1). 


TABLE II 


ACCESSIBILITY TO THALLOUS ETHYLATE OF COTTON LINTERS ALTERNATELY WETTED AT 80° 
AND DRIED 


Series HT 








No. of cycles | Accessibility, % 











0 0.89 
3 0.73 
6 0.67 





*Each value represents the average of triplicate analyses agreeing well within 10%. 
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This is not entirely unexpected since wetting and swelling of cellulose 
is an exothermic reaction (1). However, owing to the insufficient number of 
measurements (Table II) along with the deviation apparently inherent in the 
thallation method for accessibility estimation (2) the results may not be 
significant. Unfortunately, measurements of the degree of nitration were not 
made on these samples. Further study of the effects of high temperature 
wetting on the reactivity of cellulose is necessary. 

The lower accessibility to thallous ethylate of the linters of Series HT given 
zero wettings (0.89%, Table I1) as compared with the same sample for Series 
A (1.45%, Table 1), in spite of the fact that they are both from the same 
batch of dewaxed but unwetted linters, suggests that the period of storage 
for the dewaxed linters used for Series HT saw a partial collapse of the ethanol-— 
benzene dewaxed linters. That such a collapse of swollen linters occurs on 
storage, particularly under conditions where small amounts of moisture 
prevail, appears indicated by the results obtained when portions of Series A 
samples were exposed to an atmosphere of 45% relative humidity for 44 days 
and then dried as usual. The typical differences in, as well as the magnitude 


TABLE III 


NITROGEN CONTENT OF THE NITRATES OF ALTERNATELY WETTED AND DRIED COTTON LINTERS 
Series A and B® 














| 
No. of cycles | Series A, No,%° | Series B, N2,%® | 90 min. nitration 
| | of Series B, N2,% 








| 

0 10.70 10.96 11.25 
1 10.70 | 10.93 | 11.29 
5 | 10.70 10.95 | 

9 10.88 10.97 | 

13 10.91 10.99 | 

17 10.86 11.01 | 
21 10.96 11.04 | 
25 10.97 11.09 | 11.27 


2 4All Nz estimations made by nitrometer. %.N2 calculated on dry weight basis. 
All nitrations of a series carried out in one day; Series B nitrated two weeks after Series A. 








T T T T T T 
1HO ae 
ia 1100 ime 4 
2 a — | 
Zi0- © 
WwW 
©1080 7 
ex 
WwW 
a 
10-70-O-——© 4 
| 1 l 1 1 1 l 
om 5 9 3 7 21 25 








WETTING AND DRYING CYCLES 


Fic. 3. Comparison of nitrogen content of Series A (©) and Series B (O). Series A had 
been stored 13 months before nitration by the same mixture used for Series B. 
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of, the accessibility found before were markedly decreased (Table I, column 6). 

Series B, prepared one year after some of the work on Series A had been 
carried out, corroborates the findings regarding accessibility to nitration 
(Table III, Fig. 3). Since the nitration mixture used for this series was the 
same one that had been employed for Series A, but had been preserved in 
a refrigerator, it was felt that for better comparison with Series B the samples 
of Series A should again be nitrated by this mixture. The values for Series A 
(second nitration) were found to be from 0.1 to 0.3% lower than those for 
Series B (Table III, Fig. 3). Although this might again be due to the general 
collapse suffered by the Series A samples stored for about 13 months before 
the second nitration, the difference between the two series might also arise 
from slight differences in reaction conditions between the two sets of nitrations. 

The trend of the curves in Figs. 1, 2, and 3 indicates that, although 25 
wetting and drying cycles had been made, further cycles should increase 
accessibility. The preparation of samples with greater than 25 wettings was 
not attempted. However when the nitration period was extended from the 
usual 30 min. to 90 min. for three chosen samples of Series B, it was found 
that a higher degree of nitration is attainable and that the differences found 
for limited nitration times were obliterated (Table II], column 4). This 
supports the belief that the changes brought about by repeated wetting 
and drying are physical rather than chemical (3, 4, 23), and influence the rate of 
diffusion of the reagent through the cellulose mass. We have shown also that 
mechanical manipulation during the process of wetting and removal of the 
water is important. A linters sample, unstirred during water immersion and 
then pressed firmly to remove water during suction filtration, gave thallous 
ethylate accessibility of 0.84% while the same linters, stirred during the wetting 
with water followed merely by gentle suction to remove water prior to drying, 
possessed thallous ethylate accessibility of 1.02%. 

Since the technique of hydrogen—deuterium exchange has been improved to 
the point where it can be used to measure accessibility (9, 10,22), and the values 
of accessibility so obtained on cotton linters are numerically much greater 
than those obtained by the thallous ethylate procedure (10), it was felt that 


TABLE IV 


HyYDROGEN-DEUTERIUM EXCHANGE MEASUREMENTS OF ACCESSIBILITY IN COTTON LINTERS 
ALTERNATELY WETTED AND DRIED 














Series A 
Value of F at reaction time, hr. 
No. of cycles 

0.5 1.0 4.0 24.0 

0 0.26 0.38 0.51 0.44 

1 0.25 0.27 0.47 0.44 

5 0.34 0.40 0.45 0.48 

17 0.34 0.40 0.39 0.42 

21 0.50 0.43 0.52 0.52 

25 0.46 0.51 0.34 0.48 
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WETTING AND DRYING CYCLES 





Fic. 5. Hydrogen-deuterium exchange for linters samples of Series A. © -at reaction 
time of 0.5 hr. O-at reactian time of 1 hr. 


this method might show greater differences between the members of a series 
of wetted and dried linters samples. However, the differences were again 
found to be small but still following the pattern observed before (Table IV, 
Figs. 4 and 5). The plots of F (the fraction of cellulose possessing greater 
accessibility) against time (Fig. 4) and F at reaction times of 0.5 hr. and 
1.0 hr. versus the number of wetting and drying cycles (Fig. 5) show the drop 
in accessible cellulose which accompanies the first wetting, followed by the 
expected increasing values of F with increased cycles. 

In view of preferential adsorption of water by the more accessible portion 
of cellulose (19, 21), a study of the water sorption was carried out to gain 
more information concerning the differences brought about in cotton linters 
by alternate wetting and drying. Exposure of l-gm. portions of the phosphoric 
anhydride-dried linters of Series A to an atmosphere of 45% relative humidity 
produced an increase in weight in all samples (Table V, Fig. 6). However, 
examination of the data reveals that contrary to expectations less moisture 
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TABLE \ 


MOISTURE SORPTION FROM AN ATMOSPHERE OF 45% RELATIVE HUMIDITY OF DRIED COTTON 
LINTERS ALTERNATELY WETTED AND DRIED 














Series A 
No. of cycles | % Weight increase for days 
| e.: | 8 | 20 44 
| | | 

0 4.39 4.49 4.44 | 4.73 
1 5.00 | 5.32(?) | 5.04 5.05 
5 | 4.92 | 5.02 | 4.93 5.07 
9 | 4.75 | 4.82 4.79 5.04 
13 4.84 | 4.92 4.86 | 5.00 
17 4.82 4.88 | 4.85 | 5.02 
21 4.68 | 4.72 4.71 4.99 
25 4.76 | 4.84 4.81 5.00 








g 
T 


—————__ oO 








PER CENT MOISTURE INCREASE 


1 i 1 1 
5 9 13 4 21 25 
WETTING AND DRYING CYCLES 








Fic. 6. Water sorption from an atmosphere of 45% relative humidity by dried linters 
samples of Series A.O — Sorption during three days’ exposure. © — Sorption during 44 days’ 
exposure. 


was adsorbed as the accessibility increased. A second adsorption determination 
on more of Series A gave much the same results and is therefore not reported. 

This characteristic was more pronounced during the initial stages of water 
sorption, with the differences decreasing as the time of exposure increased 
(Fig. 6) indicating that the rate of adsorption as well as the amount adsorbed 
was greatest for that member of the series having the least accessibility 
(cycle 1). Here again it might be pointed out that sample number 21 adsorbed 
somewhat less than expected. However, following the reasoning expressed 
before that increase of accessibility is less when wettings are made at higher 
temperatures, this sample should adsorb more water than do its neighbors 
in the plot (Fig. 6). 

As a means of checking these results on water sorption, heats of wetting 
were measured on portions of samples from Series C by the method developed 
by Argue and Maass (1). Preliminary tests, as a check on technique, upon 
samples of “standard cellulose’ (1) gave 10.15 cal./gm. for an average of 
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TABLE VI 
HEATS OF WETTING OF DRY COTTON LINTERS PREVIOUSLY WETTED AND DRIED SEVERAL TIMES 
Series C 
sea? <= | Heat of wetting, "Mean heat of wetting, 
Run No. No. of cycles | cal./gm. cal. /gm. 
1 0 | 10.44 
6 | 10.50 | 
11 10.57 10.50 
10 1 (at 25°C.) 10.84 | 
12 10.83 | 10.84 
13 3 S 10.76 10.76 
4 5 " 10.67 
8 10.64 10.66 
14 9 " 10.70 10.7 
18 11 © | 10.62 10.62 
2 13 S | 10.55 
5 | 10.72 | 
9 10.66 10.64 
15 15 a | 10.62 10.62 
16 17 i 10.51 | 10.51 
3 19 _ | 10.50 
tj | 10.39 10.45 
V-0 0 10.34 
xin 10 43 10.38 
\V-1 1 (at 28°C.) 10.53 10.58 
| 10.64 | 10.92 
V-HT 1 (at 80°C.) 10.92 = 
Abs. cotton 0 10.74 a 
| 10.74 10.74 
Abs. cotton 1 (at 25°C.) 11.04 ” 
) | 94 10.97 
T ! ] | T T 
3!090F “7 
© 
a 
<10-80;- = 
oO 


g 
{s) 
U 





HEAT OF WETTING, 
a: 








i i it l ! ! 
Oo | 5 9 13 17 2i 


WETTING AND DRYING CYCLES 





Fic. 7. Heat of wetting of cotton linters samples of Series C. 


five determinations, in good agreement with the figure 10.16 cal./gm. found 
by Argue and Maass. 


From Table VI and Fig. 7 it can be seen that differences in heat of wetting 


do occur between members of Series C and these follow the characteristic 
form shown for water sorption (Table V, Fig. 6)—the sample with the least 
accessibility (cycle 1) producing the greatest value for heat of wetting. 
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We have also shown that ordinary medical absorbent cotton’ dried over 
phosphoric anhydride for two months gave a slightly lower heat of wetting 
(10.74 cal./gm.) than did the same cotton wetted once and dried thoroughly 
(10.97 cal./gm.). Furthermore a portion (V-O) of another quantity of the 
dewaxed linters merely dried gave a heat of wetting of 10.38 cal./gm., a second 
fraction (V-1) wetted once and dried to reduce accessibility gave 10.58 cal./gm., 
while a third portion (V-HT) wetted at 80° and dried showed a value of 
10.92 cal./gm. (Table V1). All three of these samples of cellulose (V-0,-1,-HT) 
had been stored in the same desiccator over the drying agent for at least two 
months before the heats of wetting were obtained. These figures again support 
the belief that high temperature wetting apparently yields a cellulose of lower 
accessibility than expected. 

The direct proportionality of heats of wetting of cellulose samples to their 
ability to adsorb moisture from a surrounding atmosphere has been pointed 
out before (1, 29), hence similarity in results of the heats of wetting and water 
sorption found in our work indicates that the differences observed are quite 
significant. 

Argue and Maass (1) found that only when a “standard cellulose’ was 
prepared under carefully controlled conditions could reproducible heats of 
wetting be obtained. These authors pointed out that the heat of wetting is 
dependent upon the available internal surface, and as different methods of 
preparation should produce differences in average chain length and micellar 
structure and thus in the extent of the internal surface, variability in heat of 
wetting can be expected. Furthermore they found that removal of water from 
their standard cellulose to a value less than 0.015 gm. per gm. of cellulose 
caused a reversion of the cellulose to the “dry state’’ which gave variable and 
somewhat higher figures for the heat of wetting. Since our experiments deal 
with cotton whose water content had been reduced to values less than 0.015 
gm./gm. cellulose, it is likely that the same phenomenon operates. However 
in a previous article (23) it has been shown that cellulose alternately wetted 
and merely air dried exhibited the same trend of increased accessibility with 
increased number of cycles although to lesser degree. It is unlikely: that the 
air-dried cellulose was left with such a small amount of water as 0.015 gm./gm. 
cotton. Wahba (29) has found that the heat of wetting of a standard cellulose 
is dependent upon the time of immersion, and the ability of the reagent to 
penetrate the cellulose mass. Thus, differences in technique of manipulating 
the cellulose during preparation should be reflected in heat of wetting, espec- 
ially if the duration of the wetting process is limited. 

The anomalous behavior of the series of wetted and dried cotton linters 
in possessing on the one hand increasing accessibility to thallous ethylate, 
technical nitration mixtures, and hydrogen deuterium exchange yet on the 
other hand lower water sorption as well as decreased heat of wetting with 
increase in the number of cycles of wetting and drying can be rationalized. 
It is known that bone-dry ceilulose competes with phosphoric anhydride for 
available water (7, 20). The attainment, therefore, of perfectly water-free 
cellulose is difficult and may be all but impossible without decomposition of the 
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cellulose. Since our series of linters samples occupied a single desiccator 
which contained phosphoric anhydride, a competition for any available 
moisture in the container was set up. The samples of cellulose adsorbed a 
share of the water proportional to the degree of accessibility in agreement with 
previous observations (11, 19, 21). Upon further exposure to moisture, the 
linters sample with low accessibility (e.g., cycle 1), having therefore adsorbed 
little water while stored with phosphoric anhydride, will now adsorb water at a 
greater rate and to a larger extent, as well as give a higher value for the heat of 
wetting than do the more accessible samples. Unless completely dried, it 
appears that cellulose will retain small amounts of moisture to some degree 
proportional to the extent of accessibility, a characteristic which in turn is 
determined by its previous history. 

This interpretation was strengthened by measurements of residual water 
content in the dried samples of Series D by means of the Karl Fischer titration 
method using a Model H2 Beckman pH meter to obtain an electrometric end 
point. Visual end points were too indefinite for the accuracy required. The 
results are illustrated in Table VII. 

It is difficult to duplicate accurately analyses of properties of cellulose 
which are so sensitive to variations in technique of preparation. Therefore, 
since measurements of such small amounts of water are subject to considerable 
experimental error, the results obtained are reasonably good. They show 











TABLE VII 
WATER CONTENT OF DRIED LINTERS SAMPLES ALTERNATELY WETTED AND DRIED 
Series D 
Water content, % Water content, 
No. of cycles | mgm./gm. cellulose No. of cycles | mgm./gm. cellulose 
1 9.95 (4) 9 12.02 (4) 
3 11.27 (7) 11 } 12.68 (6) 
5 ‘10.78 (8) 13 12.63 (7) 
7 | 11.46 (6) 15 | 12.60 (4) 








"These figures represent average values. The number of determinations is indicated in brackets. 
The figures for the sample with 11 cycles, 11.50, 14.13, 14.48, 11.59, 10.17, and 14.28 typify the 
kind of results obtained. 


quite clearly that dried linters in contact with the limited amount of moisture 
present in a desiccator containing phosphoric anhydride do adsorb moisture in 
proportion to their degree of accessibility. 
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SYNTHESIS OF 3-HYDROXY-2-ALKYLPYRIDINES' 


By W. GRUBER 


ABSTRACT 
Aliphatic 2-furylketones rearrange to 3-hydroxy-2-alkylpyridines under the 
influence of ammonia and heat. The furylketones were prepared by a modified 
Friedel-Crafts reaction. Conditions to obtain the pyridine derivatives in good 
yield have been established. 

A general method for the synthesis of 3-hydroxy-2-alkylpyridines is the 
Hofmann degradation of 2-alkylnicotinic acids as was shown by Dornow (1, 2, 3) 
who demonstrated this synthesis for 3-hydroxy-2-methylpyridine starting from 
2-methylnicotinic acid made by the condensation of amino-crotonic ester and 
beta-ethoxyacrolein diethyl acetal. For the preparation of higher alkylated 
3-hydroxypyridines, however, the starting material is more difficult to make, 
and the difficulties grow with the size of the side-chain. Recently Leditschke 
(11) has published a synthesis of 3-hydroxy-2-arylpyridines. The simplicity 
of his method and the good yields obtained suggested a similar procedure for 
the synthesis of aliphatic substituted pyridines, which are related to derivatives 
of previous (4, 5, 6) as well as current investigations. 

The basic reaction of this synthesis is the rearrangement of 2-alkylfuryl- 
ketones under the influence of ammonia: 


H 
Cc 
+NHs; +NH; HC C-OH NHs; yj 
=z —>> rT ——_> | —————> -OH 
Re\  7-CO-Ri Res /+C(:NH)-Ri Ro: - C-Ri Re gRi 
O O HN NH N 
I II IIl IV 


The first step is the formation of the ketimine (11). Further addition of ammonia 
may bring about ring cleavage to (III), which is immediately transformed into 
the hydroxypyridine derivative (IV) with a simultaneous splitting off of ammonia. 
Direct proof of this mechanism is lacking because (III) has not been isolated. 
However, reaction products other than pyridine derivatives can be expected if 
primary amines are used instead of ammonia, because the last step (III) to 
(IV) takes place only with difficulty in the case of primary amines. Experiments 
have shown that under these conditions the reaction products are in fact not 
uniform. 

The 2-alkylfurylketones used as starting materials were prepared by a Friedel- 
Crafts type reaction from furan and the corresponding acid anhydrides, using 

1 Manuscript received March 16, 1958. 


Contribution from the Division of Chemistry, British Columbia Research Council, Van- 
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phosphoric acid or boron-trifluoride-etherate as a catalyst (9, 10). Some of these 
ketones are new (Table I). 























TABLE I 
No. | 2-Furylketones (I) B.p., | Used | Ref. 
| | °C., mm.Hg | method | 
1 | 2-Acetylfuran 66-68° A | 7,8,9,10,12 
(R; = CHs, R: = H) 11-12 mm. } 
2 2—Propionylfuran 63-65° | A | 10 
(Ri = C2H;, Re = H) 3-4 mm. | | 
3 | 2-n-Butyrylfuran 75-77° A | 10 
(Ri = n—C3H;, Re = H) 5-6 mm. 
4 | 2-Isobutyrylfuran 51-53° | A 
| (Ri = iso-C3;H;, Re = H) 3-4 mm. 
5 2-n-Valerylfuran 72-75° |. B 
(Ri = n—CyHs, Re = H) | 2-3 mm. 
6 2-Isovalerylfuran | 67-70° | A 
(Ri = sec-CyHo, Re = H) 3-4 mm. 
7 2-tert-Valerylfuran 57-60° | B 
(Ri = tert-C4H», Re = H) 2-3 mm. | 
8 | 2-Propionyl—5—methylfuran 66-69° | A 
(Ry = C:Hs, Re = CH;) 2-3 mm. 
9 |. 2-Phenacetylfuran | 155-158° | C 
(Ri = CH.2CsHs, Rs, = H) 2-3 mm, | 





The rearrangement was best effected by heating the ketone with 2-3 moles 
of ammonia in alcoholic solution in a sealed tube at 170°C. for 15 hr. The am- 
monia solution was prepared by saturating absolute ethanol at 0°C. The pres- 
ence of ammonium chloride increased the yields only slightly. The reaction 
mixtures were worked up by evaporating the alcohol under reduced pressure, 
distilling the residue im vacuo, and extracting a solution of the distillate in 2 N 
sodium hydroxide with chloroform to remove neutral contaminants. The 
alkaline solution of the hydroxypyridine was then neutralized and extracted 
again with chloroform. (Table II.) 

While the rearrangement of 2-acetylfuran (I, Ri = CH3, Re = H) gave the 
3-hydroxy-2-methylIpyridine in a yield of only 4.6%, the yield increased rapidly 
with the size of Ri and reached 74% for 3-hydroxy-2-propylpyridine (IV, 
Ri = C3H:, Re = H, ‘‘o-hydroxyconyrine’’). Equally satisfactory yields 
were obtained whether R,; was straight or branched. The rearrangement of 
2-benzylfurylketone (I, Ri = CH2CsHs, Re = H) under the same conditions 
gave a poor yield and Leditschke’s method of heating the ketone with ammonium 
acetate at higher temperatures would seem advisable. 

To investigate the behavior of a 5-alkyl substituted 2-furylketone, 5-methy1-2- 
propionylfuran (I, Ri = CoHs, Re = CHs) was treated by this procedure and 
yielded 85% of 3-hydroxy-2-ethyl-6-methylpyridine (IV, Ri = CoHs5, Re = CHs). 

The basic properties of these pyridine derivatives and their tendency to form 
picrates and chloroplatinates decrease with increasing size of the side-chain. 
All the compounds are readily soluble in 2 N acids and 1-2 N alkalies, and give 
a reddish-brown color reaction with ferric chloride in dilute alcoholic solution. 
Coupling with diazotized o- and p-nitroaniline gives brownish-red azo dyes. 
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TABLE II 
= ey. m Nie 
No. | 3-Hydroxy-2-alkylpyridines | M.p., Yield, Analytical figures 
(IV) oe q 
, Calcd., Found, 
| % % 
1 | 3-Hydroxy—2-methylpyridine | 166-168 | 4.6 CsH;NO: 
| Picrate 203-205 N 16.57 16.8 
| Chloroplatinate 160-163 Pt 29.57 29.62 
2 | 3-Hydroxy-2-ethylpyridine 134-136 10 C;H»NO: 
| Picrate | 173-175 | N 15.91 16.0 
3 | 3-Hydroxy—2-n-propyl- | 1383-135 74 CsHy,NO: 
pyridine 
(Ri = n-C3H;, Ro = H) N 10.21 10.5 
4 | 3-Hydroxy-2-isopropyl- 191-192 | 81 Cc 70.04 70.04; 70.18 
pyridine 
(R; = iso—-C3;H;, Re = H) H 8.08 8.16; 8.02 
5 | 3-Hydroxy—2-n- ay ae 127-129 78 C oHi;NO: 
(Ri = n—C4Ho, Re = H) ; 71.49 71.47; 71.30 
H 8.67 8.64; 8.42 
6 | 3-Hydroxy-2-sec-butyl- 157-159 | - 60 N 9.26 9.55 
| pyridine 
| (Ri = sec-C4Ha, Rs = H) 
7 | 3-Hydroxy-2-tert-butyl- 199-201 | 71 71.70; 71.45 
pyridine 
(Ri = tert-CyHo, Re = H) | 8.71; 8.50 
8 | 3-Hydroxy—2-ethyl-6-— | 170-172 80 CsHiuNO 
| methylpyridine Cc 70.04 69.78 
(Ri = C2H;, Re = CHs) H 8.08 8.06 
9 | 3-Hydroxy—2-benzylpyridine | 189-191 5.4 CyHnNO: 
(Ri = CH2CsH;, R2 = H) S 77.81 77.46 
H 5.99 §.72 
| N 7.56 7.55 
l 

















The 3-hydroxy-3-methylpyridine was also prepared by Dornow’s method so 
that a direct comparison of the products of both methods was possible. They 
were identical. 

EXPERIMENTAL 


Melting points are corrected. 
Oxford. 


Method A. 


Analyses are by Drs. Weiler and Strauss, 


2-Isopropylfurylketone (Table I, No. 4) 


A well-stirred mixture of 95 gm. (0.6 moles) of isobutyric anhydride and 
20.4 gm. (0.3 moles) of furan was warmed to 40°, the heat removed, and 6 gm. 
of 85% orthophosphoric acid was added at once. This caused a slight rise in 
temperature which was allowed to subside and the mixture was kept at 60° 
for two hours. After cooling, 120 ml. of water were added and the mixture 
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stirred for one hour. The dark-colored organic layer was shaken: for 24 hr. 
with saturated sodium carbonate solution. The ketone was taken up in chloro- 
form, washed once with water, dried with anhydrous sodium sulphate, and the 
solvent removed under reduced pressure. The residue was distilled im vacuo 
twice through a short column. B.p. 51-53°C. (3-4 mm.), yield 40.0 gm., i.e. 
93% based on furan. 


Method B. 2-tert-Valerylfuran (Table I, No. 7) 


A mixture of 37.2 gm. (0.2 moles) of trimethyl acetic anhydride and 12 gm. 
(0.177 moles) of furan was cooled in tap water to 15°C. and well stirred. Addition 
of 3 ml. of redistilled boron-trifluoride-etherate caused a slight rise of tempera- 
ture. The mixture was kept at 60°C. for three hours, then cooled to 20° and, 
after adding 200 ml. of water, stirred for two hours. The ketone was taken up 
with chloroform, washed with 10% sodium carbonate solution, and, after 
removal of the chloroform, the product distilled 7m vacuo through a column. 
B.p. 57-60°C. (2-3 mm.) yield 22.0 gm., i.e. 91%. 


Method C. 2-Benzylfurylketone (Table I, No. 9) 


A mixture of 52 gm. (0.204 moles) of phenyl acetic anhydride, 11 gm. (0.162 
moles) of furan, and 0.5 ml. of hydriodic acid (sp. gr. 1.7) was heated to 55°C. 
for three hours with good agitation. The heat was removed, 200 ml. of water 
added, and stirring was continued for two hours. The organic layer was drawn 
off and poured into 200 ml. of saturated sodium carbonate solution and allowed 
to stand for one week with occasional shaking. The ketone was taken up with 
chloroform and finally distilled im vacuo. B.p. 155-158°C. (2-3 mm.), yield 
27.0 gm., i.e. 90%. ; 

The following are a few typical examples of the rearrangement procedure. 
3-Hydroxy-2-methylpyridine (Table II, No. 1) 

Twelve grams of 2-acetylfuran and 30 ml. of a saturated solution of ammonia 
in absolute ethanol were heated with a trace of ammonium chloride in a sealed 
tube to 150°C. for 15 hr. After evaporating the alcohol under reduced pressure, 
the residue was digested with 100 ml. of 2 N sodium hydroxide solution, filtered 
through a wetted filter, and neutralized to litmus with 2 N hydrochloric acid. 
The mixture was extracted several times with chloroform, the solvent removed 
in vacuo, and the residue sublimed under a pressure of 0.1 mm. and 110—120°C. 
bath temperature. Final purification was by repeated crystallization from chloro- 
form under pressure. M.p. 166—168°C., yield 0.560 mgm., i.e. 4.6% (based on 
2-acetylfuran). Mixed with a sample prepared by degradation of 2-methyl- 
nicotinic acid according to (1), the melting point was not depressed. The 
picrate was prepared by adding an ethereal solution of the base to a solution of 
picric acid in ether, and the product was recrystallized from ether under pressure 
to give a yellow powder, m.p. 203-205°C. (dec.). The chloroplatinate was 
obtained by dissolving the base in the minimum amount of 20% hydrochloric 
acid and adding the calculated amount of chloroplatinic acid. The mixture was 
evaporated and the residue taken up in methanol and precipitated with ether. 
M.p. 160—-163°C., very soluble even in methanol. 
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3-Hydroxy-2-ethyl pyridine (Table II, No. 2) 

Thirteen grams of 2-propionylfuran was sealed in a tube with 30 ml. of 
saturated alcoholic ammonia solution and heated at 160°C. for 15 hr. After 
cooling to room temperature there was an appreciable vacuum in the tube, 
showing the consumption of ammonia. After removal of the solvent, the residue 
was distilled im vacuo, after the forerun was rejected. The sublimated crystals 
were dissolved in 2 N sodium hydroxide (50 ml.) on the water bath and after 
cooling and diluting with an equal volume of water the solution was filtered 
and saturated with carbon dioxide. The base was extracted with chloroform 
and sublimed twice at 0.1 mm. and 120°C. (air bath). Recrystallization from 
chloroform-ether gave 1.132 gm., i.e. 9%, of white prisms, m.p. 134-136°C., 
reaction with ferric chloride in dilute alcoholic solution: dark red-brown. The 
picrate was made by mixing ethereal solutions of base and picric acid and re- 
crystallizing from methanol-ether until a constant melting point of 173-175°C. 
(dec.) was reached; orange needles. 
3-Hydroxyconyrine (Table II, No. 3) 

2-n-Butyrylfuran, 11.6 gm., and 30 ml. of alcoholic ammonia solution were 
heated in a sealed tube to 165°C. for 20 hr. The product was worked up by 
evaporating the solvent and subliming the residue in a vacuum of 3 mm. almost 
without forerun. Yield, 8.5 gm. (i.e. 74%), m.p. 127-131°C. An analytical 
sample was prepared by recrystallization from a mixture of ether and petroleum 
ether and finally from ether alone, m.p. 133-135°C., thick prisms with the 
characteristic odor of the hemlock plant. 
3-Hydroxy-2-benzylpyridine (Table II, No. 9) 

2-Phenylacetylfuran, 13.7 gm., was heated with 30 ml. of ammonia solution 
in a sealed tube to 175°C. for 24 hr. The solvent was distilled off under dimin- 
ished pressure leaving a liquid residue. Addition of ether produced a precipitate 
which was filtered off and discarded. The ethereal filtrate was treated first with 
10% sodium bicarbonate solution, which was discarded, then five times with 
50 ml. of 2 N sodium hydroxide solution which was separated and neutralized 
with 2 N hydrochloric acid. The neutral solution was extracted with ether, 
the solvent removed, and the remaining crystals sublimed in a vacuum of 1 mm. 
Recrystallization from ether under pressure yielded 0.734 gm. (i.e. 5.4%), 
m.p. 189-191°C. 


This work was carried out under a consolidated grant from the National 


Research Council of Canada. 
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COEXISTENCE PHENOMENA IN THE CRITICAL REGION 


II. INFLUENCE OF GRAVITY ON THE COEXISTENCE CURVES OF ETHANE, 
ETHYLENE, AND XENON! 


By S. G. WHITEWAY? AND S. G. MASON 


ABSTRACT 


Liquid—vapor coexistence curves of ethane, ethylene, and xenon have been 
measured in the region of the critical point. Impurities present in the ethane 
and ethylene gave retrograde systems; reduction of the impurities yielded 
coexistence curves which were flat along the temperature axis to 0.001°C. When 
the height of the ethylene system was decreased the range of densities over 
which the curve was flat was diminished. Stirring of the system caused the curve 
to be rounded. Similar results, confirming those of Weinberger and Schneider, 
were obtained with xenon. The observed behavior is in good agreement with the 
hypothesis that the major part of the flat top effect is due to gravitational 
compression. 


INTRODUCTION 


The question of whether the liquid—vapor coexistence curve of a one- 
component system is flat over a finite density range at the maximum temperature 
of coexistence (the critical temperature) has not been satisfactorily resolved, 
either theoretically or experimentally. 

A “flat top” was originally predicted by Harrison ili Mayer (10, 11) from a 
statistical-mechanical treatment of vapor condensation, although Zimm (21) 
has recently modified the theory so that a rounded top is predicted, similar to 
that given by the classical Van der Waals equation of state. Rice (15, 16), on the 
other hand, has outlined a theory based upon a thermodynamic treatment of 
molecular clusters which predicts a flat top. 

The experimental findings have proved to be contradictory. Except for the 
measurements of Schroer (17), who found evidence of a flat top region, all of the 
coexistence curves reported in the early literature show rounded tops. More 
recently, Maass and co-workers (9, 12, 14) found short flat tops for ethane and 
ethylene, although some of their observations have been questioned (1, 2, 15). 

The present experimental study was undertaken in a further attempt to resolve 
the question, using an experimental method which, unlike that of the earlier 
measurements (9, 14), made it possible to determine a complete coexistence 
curve on the same sample, thus eliminating the effect of variable composition. 
The sensitivity, although not the absolute accuracy, was high. 

While this work was in progress; Atack and Schneider (2) reported that 
the coexistence curve of sulphur hexafluoride had a rounded top. In a later 
investigation of xenon, however, Weinberger and Schneider (18) found a well- 
defined flat top; when the vertical height of the system was decreased the flat 
top portion was substantially reduced, suggesting that the effect was due to 
gravitational compression. The observed flat top widths were later shown (20) 
to agree reasonably well with values calculated from compressibility measure- 

‘1 Manuscript received February 13, 1953. 
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ments on the assumption that the effect was due entirely to gravity. At the same 
time, a study of the gravity effect in ethane by light scattering carried out in this 
laboratory (13) pointed to the existence of a flat top region. 

The initial measurements were made using ethane and ethylene. In the 
preliminary experiments, the systems gave rounded tops and exhibited retro- 
grade condensation; when precautions were taken to minimize impurities and to 
allow equilibrium conditions to be approached, the coexistence curves were 
found to have flat tops. In view of the contradictory results of Schneider et al. 
(2, 18) on sulphur hexafluoride and xenon, it was decided to extend the present 
investigation to the latter substance. Excellent confirmation of Weinberger and 
Schneider’s (18) measurements was obtained. 

Experiments on the effect of bomb height and stirring confirm previous 
suggestions (13, 18) that the flat tops are principally due to gravity. 

EXPERIMENTAL 
Apparatus 

The experimental arrangement used is shown in Fig. 1. The sample was 
contained in a vertical pyrex bomb of 10 mm. I.D. and 3 mm. wall thickness. 
The contents could be vigorously stirred by a small perforated iron slug moved 
up and down by two magnets mounted on a guide rod. 

One end of the bomb (the only glass component in the high pressure system) 
was terminated by a length of capillary sealed to the metal system through 
the gasket N. 

The system was arranged so that the free volume of the bomb could be 
continuously varied by pushing mercury into the bomb from the stainless steel 
injector. The injector was a piston—cylinder arrangement in which the shaft B 
was moved up and down the space in the block D by means of a long screw 
thread which engaged in A. A, equipped with spokes for turning, had a ball 
bearing movement on F, the latter being rigidly connected to C by rods. The 
piston was maintained vacuum and pressure tight by means of a teflon gasket E 
which sat between two fiber rings and was tightened around the piston shaft 
by tightly screwing D into C. The bottom of the injector was fitted with an 
adapter nut to take a standard pressure connector. After careful evacuation 
the space in D was filled with mercury; failure to outgas both the mercury and 
the injector carefully before filling caused erratic fluctuations in the mercury 
column during a run, presumably due to liberation of occluded gases in the 
injector. 

The injector delivered 0.07570 cc./turn. Fractions of a turn could be deter- 
mined to 2 degrees of arc. Volume changes measurable to 0.0005 cc. were there- 
fore possible. The injector design is essentially that of Keyes (6) and has been 
used, but never described, by others (3, 8, 13). A description has been included 
here for future reference. 

The injector had a capacity of 6.5 cc. whereas a typical bomb had a total 
volume of 13 cc. The incorporation of a mercury reservoir R extended the range 
over which the amount of mercury injected into the bomb, and hence the free 
volume, could be varied. Additional mercury could be run into the injector from 
R by closing valve G and opening valve L. 
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The mercury injector, bomb, reservoir, and valves G, H, and L (Aminco 
superpressure with teflon packings) were mounted on a rigid brass insert frame 
(not shown in Fig. 1) which fitted into a thermostat tank. The valves were 
operated by rods extending through the top of the bath. This frame also carried 
the knife heaters, cooling coils, and high speed stirrers of the thermostat. 

The thermostat tank was of sheet brass and was equipped on each side with 
a vertical armor-plate glass window. The tank was enclosed in a wooden box, 
insulated with rock wool, and containing plexiglass windows. A clear oil (Risella 
No. 17) was used as the thermostat medium. A fluorescent lamp placed behind 
the bath provided a uniform field of white light. The bomb contents were thus 
viewed by transmitted light. 

The temperature of the bath could be maintained constant, by manual 
operation of the knife heaters, to better than 0.001°C., using as a control a high 
resistance thermistor (Western Electric No. 14A) in a sensitive Wheatstone 
bridge circuit. Ordinarily, temperatures were measured to a precision of 
+ 0.001°C., by a Beckmann thermometer, calibrated against a standard thermo- 
meter to an absolute accuracy of + 0.01°C. In comparing temperatures during 
the course of a run, however, thermistor resistance readings were used. It 
should be emphasized then, that when “‘flat tops” are spoken of later, the un- 
certainty in their flatness is only about + 0.0005°C. 


Materials 


Ohio Chemical Company “‘anaesthetic’’ grade ethane and ethylene were used 
in the earlier runs. These materials showed retrograde condensation and were, 
therefore, impure. Some of the impurities were shown to originate from the 
gasket which was used at the glass—metal seal. 

In later experiments, a fiber gasket was substituted for teflon and Phillips 
Petroleum Company ‘Research Grade’ ethane (99.75 mole % purity) and 
ethylene (100 mole % purity) were used with greatly improved results. 

The xenon was obtained from Linde Air Products Corporation. Impurities 
were stated as being less than 280 p.p.m. 

Procedures 

The gases, after being fractionated over liquid nitrogen and roughly metered 
in a glass vacuum system, were introduced into the bomb in one of two ways, 
designated respectively as the high pressure and the low pressure methods. 

In both cases the mercury from the injector was brought to a point between 
valves G and H (Fig. 1) and with G closed and H opened the system was 
thoroughly evacuated. 

In the high pressure method an excess of gas was condensed into the steel 
bomb U (Fig. 1) with liquid nitrogen. Valve M was then closed and, with the 
bath at several degrees below the critical temperature, the liquid in U was 
distilled into the glass bomb. When the desired amount had been introduced, 
H was closed, G opened, and the mercury was run up into the glass bomb. 

_ This method allowed the high pressure liquid to come into contact with the 
valve packings and gasket material for a considerable length of time and to 
dissolve out impurities. Many of the early failures to obtain pure systems were 
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Fic. 1. Experimental arrangement. 


attributed to this effect. Weinberger and Schneider (18) have reported similar 
experiences. 

In the low pressure filling method the gas was condensed directly into the 
glass bomb. Paper drinking cups, with holes cut in their bottoms, were ‘‘nested”’ 
snugly on the bomb and contained the liquid nitrogen for this purpose. Valve 
H was closed, G was opened, and the mercury was run up into the bomb before 
the gas was allowed to warm up. This method led to more consistent behavior. 

Mean densities (J) were calculated from the volume and mass. The total 
volume of the bomb from a datum line on the capillary was measured and 
during a run this datum was used as a zero for injector readings. From these 
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measurements the free bomb volume at any injector reading could be deter- 
mined. After a run, the entire gas sample was condensed into a glass weighing 
bomb and weighed. Alternatively, the gas could be removed in stages and further 
experiments made on the residue after additional mercury was run in. In this way 
the effective height of the system was varied. The portion removed was con- 
densed into glass weighing bombs, and the mass of the residue determined by 
difference. Absolute densities computed by the weighing method were accurate 
to 1 part in 500. Relative densities were dependent only on injector readings and, 
on the basis of a free bomb volume of 10 cc., were precise to 1 part in 20,000. 


RESULTS 

A. Retrograde Coexistence Curves 

Ethane 

In the preliminary experiments both teflon and fiber gaskets were used in the 
glass—metal union and the samples were introduced into the bomb under pressure. 
Of 13 fillings only two had critical temperatures corresponding to the maximum 
temperature of liquid—vapor coexistence. 

The other 11 runs yielded coexistence curves of which that shown in Fig. 2 
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Fic. 2. Coexistence curve of an impure ethane sample showing retrograde condensation 
of the first kind. The large circles designate temperatures of appearance of the first droplet 
of liquid (open circles) or bubble of vapor (solid circles) on cooling at constant density. The 
rise and subsequent fall of the meniscus when the system is compressed isothermally is shown 
as the ratio of liquid volume to vapor volume (plotted as small solid circles on the auxiliary 
axes parallel to the temperature axis) for three isotherms (A, B, and C). Nonretrograde 
behavior occurs below T, (Isotherm D.) 


is a typical example. The critical temperature, T,, as characterized by reappear- 
ance of the meniscus at the center of the bomb on cooling (and a maximum in 
opalescence) was 0.205°C. below the maximum coexistence temperature 77. 
The systems thus exhibited retrograde condensation of the first kind (4, 5, 7) 
which indicated that they were multicomponent. 
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Also shown in Fig. 2 are meniscus positions found on isothermal compression 
of the system at four different temperatures, three above and one below 7,. 
The results are plotted as the ratio of liquid and vapor volumes (V;/ V,) versus 
average density. The curves have their respective isotherms as base lines. 

On compression of the system isothermally along A (T — T, =0.140°C.) 
the first droplet of liquid appeared when the coexistence density of the vapor 
was reached. On further compression the volume of liquid increased, rose to 
a maximum, and then decreased. At a density corresponding to the upper part 
of the coexistence curve the amount of liquid had decreased to zero. Compression 
along B (JT — T, = 0.110°C.) showed the same behavior, although the average 
density for maximum meniscus height showed a shift toward higher densities. 
At a temperature corresponding to C (T — T, = 0.04°C.) this shift was so 
pronounced that the average density for maximum meniscus height differed 
from the upper coexistence density, where the amount of liquid was zero, by 
only about 0.001 gm./cc. 

This sequence is in contrast to that in a nonretrograde system, i.e., where 
T. = Tm. In the latter case continued compression increased the amount of 
liquid until it entirely filled the bomb tube. These systems are discussed later. 
This behavior is also exhibited in retrograde systems at temperatures below 7. 
Curve D is such an isotherm (J — 7, = —0.03°C.); here V,/V, approached 
infinity as the upper coexistence density was approached. 

The various retrograde fillings exhibited critical temperatures ranging from 
32.28 to about 33°C. The relation between the critical (or ‘‘plait-point’’ (10)) 
and maximum (or “‘critical point of contact’’) temperatures for eight fillings of 
Research Grade ethane (which showed a smaller retrograde effect than the 
Anaesthetic Grade) is shown in Fig. 3. Included are the two fillings where 
Tm = T,. + 0.0005°C. These two fillings yielded flat top coexistence curves and 
are discussed below. 

Ethylene 


Ethylene fillings obtained by the high pressure method also showed retrograde 
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systems. 
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Fic. 4. Transition of coexistence curves of ethylene from retrograde to flat-topped systems 
by a stepwise removal of portions of the liquid phase. 





condensation. Fig. 4 shows a series of coexistence curves obtained after bleeding 
off small amounts from the original bomb filling as follows. After the first 
(retrograde) curve was obtained the mercury was withdrawn and the bath was 
kept at a temperature at which about 10% of the bomb contents was liquid. 
After the contents were well stirred a small quantity of liquid was allowed to 
escape from the bomb. When the coexistence curve was again determined, the 
critical temperature was lower than before. From this it was concluded that a 
purification had taken place. Additional amounts were removed in steps until 
there was no further temperature decrease. The last four curves showed flat 
tops, the temperatures of the final two agreeing to within experimental error 
at a temperature of 9.23°C. 

In this series of runs the mass of each sample removed was determined by 
pressure measurements in the calibrated glass system. The critical densities 
agreed within 3%, the limit of accuracy of this method. However, the plot of 
p — p- makes comparison of the various curves much easier. The low density 
section of the first retrograde curve could not be obtained. At the lowest deter- 
mined density the mercury was already withdrawn to the bottom of the bomb. 

It is probable that the impurities were more soluble in the liquid than in the 
vapor, and were progressively removed by extraction. The relationship between 
T» — T, and T,, for this series was similar to that shown for ethane in Fig. 3. 


B. Coexistence Curves Showing Flat Tops 
Ethane 


Using a fiber gasket in the bomb assembly, the high pressure filling method, 
and Phillips ‘‘Research Grade”’ gas, one system was obtained showing a flat top 
at 32.23°C. over a considerable density range. Unfortunately before the weight 
of material could be determined a leak developed in the metal tubing and the 
filling escaped. 
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PP oy 5. Flat-topped coexistence curve of ethane in a filling for which the bomb height was 
09cm. 

A second filling, having a flat top at 32.167°C., was obtained under the same 
conditions. The data are shown in Fig. 5 and Table I. The dashed line represents 
application of the law of rectilinear diameters and extrapolates to the center 
of the flat top portion at a density of 0.215 gm./cc., designated as p,. The 
observed 7. was lower than previously reported values of 32.23 + 0.01 (1, 12) 
for carefully purified ethane samples. 

Points on all of the coexistence curves thus far discussed (including retrograde 
fillings) were obtained in the following way. At a fixed injector setting the bomb 
was slowly heated with continuous stirring to several thousandths of a degree 
above the point at which all trace of liquid disappeared. The bomb was then 
cooled in steps of 0.001°C. with stirring between steps. After each temperature 
decrement the bomb was thermostatted for about ten minutes and observed 
closely. At low or high densities the coexistence point was precisely defined by 
the first appearance of a minute droplet of liquid or vapor. At intermediate 
densities the clear reddish opalescence coagulated suddenly into a grayish-red 
“wet fog’’ at the coexistence point and settled out slowly to form a visible 
meniscus. 

If the mean density in a retrograde system was greater than the mean density 
corresponding to T,,,, the initial fog of condensation always appeared in the top 
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TABLE I 
LIQUID-VAPOR COEXISTENCE DENSITIES OF ETHANE 


T, = 32.17 + 0.01°C. 
Bomb height 15 cm. 











Density, gm./cc. | (T. — ZT). 
0.2350 | 047 
0.2293 | .020 
0.2275 .015 
0.2257 | 010 
0.2241 | 005 
0.2221 | 000 
0.2208 | 000 
0.2186 .000 
0.2152 .000 
0.2140 | .000 
0.2119 .000 
0.2104 | .000 
0.2090 | 000 
0.2072 .002 
0.2043 .010 
0.2011 | 020 
0.1973 .045 





of the bomb, even though this density range included a region below j,. As 
discussed by Murray and Mason (13) this points to the existence of vertical 
density gradients before condensation takes place. 

This phenomenon was also noted in the flat top fillings of ethylene shown in 
Fig. 4 and ethane shown in Fig. 5. This may constitute a more sensitive test for 
retrograde characteristics than the relationship between T, and T,, with the 
methods of temperature control and measurement employed here. It is, there- 
fore, possible that while the tops were flat within + 0.0005°C., they nevertheless 
possessed a finite slope, i.e., the systems were in fact retrograde. 

At this stage of the experimental work, it was noted by Murray and Mason 
(13) that, near the critical point, settling periods considerably longer than those 
allowed in the measurements discussed above were required to establish the 
vertical distribution of opalescence after stirring. Thus there existed thepossibil- 
ity that all of the curves thus far determined were not only retrograde, but also 
were not true equilibrium curves. In the subsequent experiments on ethylene 
and xenon (described below) additional precautions were therefore taken to 
eliminate the retrograde effect and to allow for the establishment of equilibrium. 


Ethylene 


An additional sample of ethylene was introduced into the apparatus, this 
time using the low pressure filling method. The original filling gave a flat topped 
curve. Two high pressure bleedings were carried out, as in the earlier ethylene 
runs. Approximately 10% of the sample was removed during these steps. On 
determining the new curve the flat top temperature was found to be unchanged 
within the experimental error. The bomb length at a density corresponding to 
the mid-point of the curve for this filling was’ 15 cm. 

To allow equilibrium gradients to be established, the following procedure 
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was adopted. The system was heated above the temperature of disappearance 
of liquid, and cooled with continuous stirring to several thousandths of a degree 
above the expected condensation point. Stirring was then stopped and the 
temperature was kept constant for periods of one-half to two hours. If there 
was no condensation the temperature was lowered in steps of not more than 
0.001°C. (without intermediate stirring) and the bath thermostatted for 10 min. 
between each stop, until finally a meniscus formed. In this manner large vertical 
opalescence gradients similar to those reported by Murray and Mason (13) 
were established near the critical point. 

The meniscus behavior differed somewhat from that observed previously. 
At densities on the flat top portion greater than j, the position of maximum 
opalescence was towards the top of the bomb; near #, the maximum was near 
the center, while below j, it was towards the bottom of the bomb. Upon condensa- 
tion, fog initially formed at the point of maximum opalescence and settled out to 
form a meniscus at or near the same point. This is evidence not only of a gravity 
effect but also that T, = T;,, i.e., the system was nonretrograde. The other 
ethylene system and the xenon systems discussed below showed the same 
pattern of behavior. 

Systems examined as described above have been designated as ‘‘unstirred”’, 
although it should be borne in mind that they were stirred in the earlier stages 
of the temperature sequence. 

In another type of experiment an attempt was made to prevent density 
gradients from being established. On cooling from above 7, the contents were 
stirred every 20 sec. with one upward and one downward stroke of the slug. 
The temperature was lowered in steps of 0.001°C. spaced about ten minutes 
apart. The coexistence temperature was taken to be the maximum at which a 
stable whisp of fog persisted during the downward motion of the stirrer. Systems 
examined this way are designated as ‘“‘stirred”’. 

At densities above and below 3,, the coexistence temperatures, which could be 
reproduced to 0.001°C. except near j,, were lower than for the unstirred systems 
of corresponding density (Fig. 6 and Table II). The flat top portion was sub- 
stantially reduced and appeared to have disappeared entirely; the apex of the 
stirred coexistence curve touched the center of the unstirred flat top at 9.258 
+ 0.002°C. It was difficult to determine precisely the condensation point with 
stirring near 6, because of the intense opalescence. It had been found that 
continuous stirring appeared to have a slight heating effect. When measured 
condensation temperatures for various rates of continuous stirring were extra- 
polated to zero stirring rate, the temperature was the same as the condensation 
temperature found by intermittent stirring. Thus it is presumed that no spurious 
heating effects were caused by the intermittent stirring employed in these 
experiments. 

After the above measurements were carried out, a portion of the sample was 
removed at high pressure so that the residue gave a critical filling at a bomb 
height of 6 cm. The critical temperature was within 0.001°C. of its previous value. 
Stirred and unstirred coexistence curves were determined as before. The results 
are shown in Fig. 6 and Table II. 
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Fic. 6. Coexistence curves of “stirred” and “unstirred’’ ethylene in systems 6 cm. and 
15 cm. in height. 


The j, values obtained from the two unstirred systems were 0.2091 and 0.2098 
gm./cc. for the 15 cm. and 6 cm. bombs respectively ; the agreement is therefore 
within the accuracy of the absolute density determination. By plotting 6 — 3, 
against JT — T7,, as has been done in Fig. 6, the centers of the curves can be 
brought into coincidence to show the influence of bomb height. The range of 
densities over which the curve was flat was greater (0.095 j,) for the 15 cm. 
filling than (0.076 j,) for the 6 cm. filling, as would be expected from the gravity 
effect (13, 18). The height effect causes the curves to be separated over a 
temperature interval below 7. 

The significant difference between the 15 cm. and 6 cm. stirred fillings indicates 
clearly that height effect, although reduced, was not eliminated. 


Xenon 
Xenon fillings were obtained by the low pressure distillation method with a 


fiber gasket in the glass—metal seal. 
The first filling gave an unstirred coexistence curve with a flat top. The 
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TABLE II 
LIQUID-VAPOR COEXISTENCE DENSITIES OF ETHYLENE 
T-. = 9.26 + 0.01°C. 
Bomb height 15 cm. | Bomb height 6 cm. 
| | - 
| | 
Density, (Te. — T)°C. | Density, (7. — T)°C., 
gm./cc. | gm./cc. | 
| Unstirred | Stirred Unstirred | Stirred 
| | 
0.2285 =| | 048 | 0.2333 057 
0.2265 .022 | .033 | 0.2280 .027 .042 
0. 2245 .014 | 0. 2330 O11 
0.2225 .008 .018 | 0.2205 004 .015 
0.2206 .003 0.2172 .000 
0.2188 .002 0.2158 .000 .006 
0.2183 .000 .008 0.2135 .000 
0.2169 .000 0.2113 .000 
0.2115 .000 | 0.2091 .000 000 to .003 
0.2092 .000 .000 to .002 | 0.2048 .000 4 
0.2047 .000 | .000 to .002 | 0.2028 .000 
0.2015 .000 0.2007 .002 .012 
0.2000 .000 .009 0.1988 .006 
0.1984 .002 0.1949 027 | .042 
0.1969 .006 .018 0.1930 037 
0.1953 012 .028 
0.1938 .023 | | 
AS- 
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Fic. 7. Coexistence curves of xenon (unstirred) at critical filling heights of 4 cm. (solid 


circles) and 13 cm. (open circles). The broken line is that obtained by Weinberger and Schneider 
(18) for a height of 19 cm. 
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critical temperature was 16.60 + 0.01°. However, before the run could be 
completed, the bomb tube exploded, and densities could not be determined. 

Measurements on a second sample whose mean critical density occurred at a 
bomb height of 13 cm. are shown in Figs. 7 and 8 and Table III. The curve, 
determined by the procedures described above for ethylene, was flat over a 
density range of 0.161 j, for the unstirred system and was rounded for the 
stirred system. 











-10F 











-10 --08 -06 -O4 -02 ° 


(T-T,) °C. 





Fic. 8. Stirred (open circles) and unstirred (solid circles) coexistence points of xenon at a 
bomb height of 13 cm. The triangles are points from Weinberger and Schneider's data (18) 
at a bomb height of 1.2 cm. 


When a portion of the sample was removed so that the mean critical filling 
existed at a bomb height of 4 cm., the unstirred curve was flat over’a density 
range of only 0.063 j,. In this case, the stirring data showed considerable 
scatter, an effect believed to be caused by gross disturbances produced by the 
stirrer which, in these experiments, occupied a substantial fraction of the 
total volume. Gerierally speaking, however, the effect of stirring was the same as 
before, i.e., the curve was rounded, but a quantitative comparison with the 
stirred curve at 13 cm. was not possible. 

The unstirred data fall into line remarkably well with Weinberger and 
Schneider’s data (18) on a 19 cm. bomb. In their experiments, Weinberger and 
Schneider cooled in intervals of 0.001°C., with cooling between each step; the 
settling time after stirring is not clearly stated, but it appears to have been of the 
order of one-half to one hour. The procedure was thus similar but not identical 
to the one here used. Both f, (1.110 + 0.002 gm./cc.) and T, (16.59 + 0.01) ob- 
served here show good agreement with Weinberger and Schneider’s values of 1.105 
+ 0.002 gm./cc. and 16.590 + 0.001°C. respectively. When the data are 
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TABLE III 


VOL. 31 


LIQUID-VAPOR COEXISTENCE DENSITIES OF XENON 


T, = 16.59 + 0.01°C. 











Bomb height 13 cm. 


Bomb height 4 cm. 











Density, (Fe-= TPC. | Density, (T= TYXC., 
gm. /cc. —_——— — gm./cc. 
| Unstirred Stirred Unstirred 

1.229 | .058 | .093 1.202 .065 
1.208 .023 .053 1.180 .030 
1.198 .008 1.167 015 
1.189 .000 .027 1.140 .003 
1.170 000 1.132 .000 
1.151 000 .008 1.116 .000 
1.142 .000 | 1.105 .000 
i. av .000 | 1.092 .000 
1.105 000 | 1.071 .000 
1.090 .000 1.058 .007; 
1.068 000 O11 1.050 .015 
1.052 .000 1.038 .025 
1.046 | .000 .023 1.028 .045 
1.038 .000 1.018 .065 
1.030 000 

1.022 | O11 043 

1.009 .037 093 

1.000 .063 





compared on a differential basis by plotting (f — j,) against (7 — T,) to 
eliminate absolute errors, as has been done in Fig. 7, the three curves assume a 
regular order. 

Weinberger and Schneider (18) also determined the coexistence curve in a 
bomb arranged horizontally so that the height was 1.2 cm.; as far as can be 
ascertained from their description of the experiment, the points were determined 





Nn 
° 
T 


rr 
: 


re) 


onan 
-- 


panes ® 
-—=— 
---" 
--" 
-- 


WIDTH of FLAT TOP , GM/CC. 
6 
\ 
\ 











10 iS 
BOMB LENGTH , CM. 


Fic. 9. Width of flat top of xenon coexistence curve as a function of bomb height. Vertical 


lines are from Weinberger and Schneider. The curves are those calculated by Weinberger, 
Habgood, and Schneider (20). 
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with continuous stirring. The data (Fig. 8) show good agreement with the stirred 
values observed here in the 13 cm. bomb. In view, however, of the definite 
height effect observed with the stirred ethylene (Fig. 6) and of differences in 
the method of stirring between the present experiments and those of Weinberger 
and Schneider, the agreement between these two curves may be purely fortuitous. 
It is of interest to note that Weinberger and Schneider consider their curve to 
have a short flat apex (Fig. 9), although there is no evidence of this in the 
present stirred systems. 

The flat top widths are shown in Fig. 9. The solid curve (A) was obtained by 
Weinberger et a/. (20) using an experimentally determined critical isotherm for 
xenon. It was calculated (18) on the assumption that gravitational effects are 
capable of explaining the whole of the flat top width. Since the isotherm data 
were obtained in a bomb of finite height, these calculations represent an upper 
limit for the variation of flat top width with bomb length. Similar calculations, 
using a classical Van der Waals isotherm, yielded the lower curve (B). It would 
appear that the actual curve is between A and B. This conclusion might also 
be inferred from the more recent work of Weinberger and Schneider (19), 
although here the evidence is -ot unequivocal. 


DISCUSSION 


The foregoing results provide abundant evidence of flat-topped coexistence 
curves in systems of sufficient purity so that the effect is not masked by retro- 
grade condensation. The increase in flat top width with increasing bomb height, 
the positions of initial condensation in both retrograde and nonretrograde 
systems and finally the effect of stirring are all consistent with the hypothesis 
that the flat top is due principally to gravitational compression (13, 17). It 
cannot be stated categorically, however, that the flat top effect would be com- 
pletely eliminated in a bomb of zero height. Proof of this by direct measurement 
of coexistence densities would involve very great experimental difficulties. 

The differences between stirred and unstirred coexistence curves show the 
importance of establishing equilibrium. It should be emphasized that the 
procedures used here were somewhat arbitrary and were adopted as matters of 
practical compromise. The height effect observed in stirred ethylene (Fig. 6) 
makes it doubtful that the stirring eliminated the gravity effect entirely. Thus 
the true zero height coexistence curve may be inside the 6 cm. stirred curve. 
On the other hand, there is no assurance that the settling periods in the unstirred 
systems were of sufficient duration to establish true equilibrium distributions. 
It is conceivable that had longer settling times been allowed, greater density 
differences would have been established with correspondingly wider flat-top 
regions; this might yield closer agreement with Weinberger, Habgood, and 
Schneider’s calcilated curve (Fig. 9) for xenon. Failure to allow adequate 
settling times may have been the reason why Atack and Schneider (2) did not 
observe a flat top with sulphur hexafluoride.* 

- * Added in proof: Dr. D. Atack has recently informed us that in the experiments with sulphur 
hexafluoride, the system was cooled in steps of 0.001°C. with continuous stirring in the cooling 


process, and periods from 1 to 24 hr. were allowed for settling before further cooling. The rounded 
coexistence curve may therefore have been due to retrograde condensation. 
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If the flat top is due solely to gravity, as is indicated, it is of practical but not 
of fundamental importance in the critical phenomena. The time lags in establish- 
ing equilibrium, on the other hand, are believed to be of greater significance 
and will be discussed in a later paper. 
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CARBODIIMIDES 


PART II.* THE REACTION OF SULPHONIC ACIDS WITH CARBODIIMIDES. 
A NEW METHOD OF PREPARATION OF SULPHONIC ANHYDRIDES! 


By H. G. KHORANA 


ABSTRACT 
Methane, benzene, and p-toluene sulphonic acids react instantaneously at room 
temperature with dicyclohexyl and di-p-tolyl carbodiimides to form the corre- 
sponding sulphonic anhydrides, VI, and disubstituted ureas, VII. The use of 
di-p-tolyl carbodiimide affords a convenient general method of preparation of 
sulphonic anhydrides. 

Interest in the chemistry of carbodiimides ** (I, R = alkyl or aryl) has been 
revived during the past decade or so and a very large number have been prepared 
(8, 13, 14). Among the reactions of these compounds, 

RN=C=NR 
I 
those with carboxylic acids have been by far the most studied (12) and have 
proved to be particularly interesting. This study has recently been extended to 
the strongly acidic mono- and disubstituted esters (II and III respectively).* 
It was shown that these acids reacted instantaneously at room temperature 


AH OH On 
2RO-P + I— RO- p-0- P-OR + RNHCONHR 
OH O O 
II IV 


O 0 O 
2RO-P-OH + I> RO-P-O-P-OR + RNHCONHR 
7 


OR OR OR 
III V 


with aliphatic (dicyclohexyl, I, R = cyclohexyl) and aromatic (di-p-tolyl, I, 
R = p-tolyl) carbodiimides to form respectively the symmetrical disubstituted 
and tetrasubstituted esters of pyrophosphoric acid (IV and V respectively). 
This method has found application in the nucleotide field (3). 

In the present investigation the reactions of sulphonic acids with dicyclohexyl 
(8, 9) and di-p-tolyl carbodiimides (11, 13, 14) have been examined. As expected, 
these strong acids react analogously to the phosphoric acids (II and III) to 
form readily and practically quantitatively the corresponding sulphonic anhy- 
drides (VI) and disubstituted ureas (VII). The formation of the sulphonic 
anhydrides was clearly shown in preliminary experiments through a check 

1 Manuscript received February 25, 1953. 

Contribution from the Chemical Laboratory of the British Columbia Research Council, 
Vancouver 8, B.C. 

*Studies on Phosphorylation. Part XI. The reactions of mono and diesters of phosphoric acid 

with carbodiimides, by H. G. Khorana and A. R. Todd, J. Chem. Society, London, 1958, in press, 


is regarded as Part I of this series. 
**The subject has been reviewed recently; H. G. Khorana. Chem. Reviews, 1953. In press. 
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of the melting points and their general reactions, particularly that with amines 
to form the sulphonamides and the amine salts. The latter reaction also serves 


2RSO.H + 1 RNH = C-NHR 
7 I RSO,0SO:.R VI 
—)> 


l 
"y SOR + 
RNHCONHR Vil 


RSO 


as a method of assay of the anhydrides 


RSO;OSO.R + R’NH.— RSO;NH;R’ + RSO.NHR’. 

From a preparative point of view the use of dicyclohexyl carbodiimide was 
not completely satisfactory because of the difficulty in separating the dicyclo- 
hexyl urea from the sulphonic anhydrides. However, through the use of di-p-tolyl 
carbodiimide and benzene as the solvent, the complete removal of di-p-tolyl 
urea was readily achieved, the urea being insoluble in this solvent. In this way, 
the anhydrides of methane, benzene, and p-toluene sulphonic acids have been 
prepared in excellent yield. These three examples are thought to be sufficient 
to establish the generality of this convenient method of preparation of alkyl 
and aryl sulphonic anhydrides. 

A recent communication* (4) describes another general method for the 
production of aromatic sulphonic anhydrides by fusion of the acids with phos- 
phorus pentoxide. The products are, however, rather difficult to isolate in pure 
form and the yields do not exceed 50%. The present method affords directly 
excellent yields of pure anhydrides and promises to offer particular advantage 
where valuable sulphonic acids might be involved. 


EXPERIMENTAL 
Methane Sulphonic Anhydride 

Methane sulphonic acid (Eastman Kodak Technical) was distilled im vacuo 
and the constant boiling fraction (112° at 2 mm.) was employed for the prepara- 
tion of the anhydride. 

To methane sulphonic acid (3.1 gm.) was added as quickly as possible a 
solution in anhydrous benzene (30 cc.) of di-p-tolyl carbodiimide (4 gm.; ca. 
10% excess) and the mixture agitated vigorously with exclusion of moisture. 
Di-p-tolyl urea separated from the light yellow solution immediately and was 
removed (4 gm.) after one hour and washed twice with small amounts of anhy- 
drous benzene. The clear filtrate was evaporated at 30° under reduced pressure. 
The light yellow crystalline residue was taken up in dry ether (10 cc.) and kept 
at — 10°. A practically colorless crop of needles (2.3 gm.) was collected after 
18 hr. and washed with cold ether. The mother liquor on concentration and 
standing gave a second crop. Total yield of methane sulphonic anhydride 


*The older methods of preparation, notable among which is the reaction of sulphonyl chlorides 
with silver salts of sulphonic acids, are also summarized in this paper. 
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2.54—2.6 gm. (ca. 92%) m.p. 68°—70°. Recrystallization from ether gave 
pure white material with m.p. 71°—72° (Billeter (1) gives m.p. 71°). 

On the addition of aniline (1.2 cc., ca. 0.013 mole) to benzene solution (8 cc.) 
of methane sulphonic anhydride (0.87 gm.; 005 mole), anilinium methane 
sulphonate separated immediately and was collected after 15 min. and washed 
with benzene; yield, 0.915 gm.; 97% of theoretical. The clear filtrate was 
extracted thrice with NV hydrochloric acid, washed once with water, dried with 
sodium sulphate, and evaporated. The residue (0.82 gm.; 96%) after crystalli- 
zation from aqueous ethanol gave the sulphonamide, m.p. 101° (Duguet (2) 
gives m.p. 99°). 

Benzene Sulphonic Anhydride 

Purification of benzene sulphonic acid (Eastman Kodak Technical) was 
found to be essential. The direct use of the commercially available sample gave 
much reduced yields of the anhydride. 

The technical sample (sesquihydrate; 8 gm.) was dehydrated by the azeo- 
tropic removal of water through continued distillation, in its presence, of 
portions (ca. 50 cc. each) of benzene. Finally, a clear solution (40 cc.) of the acid 
was obtained. Crystallization was induced by chilling the contents to below 0° 
(under exclusion of moisture throughout), remelting the solvent, and warming 
the mixture carefully until most of the separated finely crystalline acid redis- 
solved. Keeping the flask at 0—5° for 12 hr. gave a practically colorless crop of 
crystals, which after the dark brown mother liquor was poured off was washed 
with more cold anhydrous benzene and dried in vacuo over phosphorus pentoxide 
(yield 2.85 gm.). This sample was employed in the following experiment. 

To the rapidly cooled dry benzene solution (15 cc.) of the acid was added at 
once with agitation, di-p-tolyl carbodiimide (2.4 gm.; ca. 15% excess) dissolved 
in the same solvent (10 cc.). The contents turned light yellow and di-p-tolyl 
urea began to separate almost immediately. After an hour, the urea (2.2 gm.) 
was removed and washed with benzene. The clear filtrate was concentrated to a 
small volume in a vacuum with exclusion of moisture (2-3 cc.). Crystallization 
of benzene sulphonic anhydride began soon after addition of ether (15 cc.). 
After the flask had been overnight at 0°, stout colorless needles (2.15 gm.) 
were collected and washed with cold ether; m.p. 88°-91° after previous shrinkage 
(identical with that given by Field (4)). The mother liquor after concentration 
and standing gave a further crop (0.15 gm.,; total yield, 86%). 

p-Toluidine (0.5 gm.; ca. 2.3 mols.) was added to a dry benzene solution 
(10 cc.) of the anhydride (0.518 gm.) obtained as above. The p-toluidine salt 
of benzene sulphonic acid soon crystallized on shaking and was removed after 
15 min. and washed with benzene (0.46 gm.; theoretical). Benzene sulphon-p- 
toluidide was isolated as described for methane sulphonanilide; (yield 0.400 
gm.; 97%). After recrystallization from aqueous ethanol (yield, 0.330 gm.), 
it melted at 123° (Rabaut (6) gives m.p. 122°; Wallach and Huth (10) give m.p. 
120°). 
p-Toluene Sulphonic Anhydride 

p-Toluene sulphonic acid monohydrate (recrystallized from concentrated 
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hydrochloric acid) (3.8 gm.; 0.02 mole) was dehydrated azeotropically as 
described for benzene sulphonic acid. To its solution in anhydrous benzene 
(25 cc.) was added rapidly di-p-tolyl carbodiimide (2.4 gm.; ca. 0.011 mole) 
dissolved in the same solvent (10 cc.). Some warming was observed and di-p- 
tolyurea separated immediately. (If considerably more concentrated solutions 
of the reactants were employed part of the sulphonic anhydride crystallized 
out along with the urea.) After one hour the urea (2.4 gm.; theoretical) was 
removed, and anhydrous ether (30 cc.) was added to the clear filtrate and the 
contents kept at 0°. Colorless stout prisms (1.9 gm.) of p-toluene sulphonic 
anhydride were collected after 18 hr. and the mother liquor was concentrated 
to a small volume (ca. 5 cc.) and diluted again with ether (15 cc.). A second 
crop (1.1 gm.) of equally pure anhydride was thus obtained, m.p. 134-135° 
(Field (4) gives m.p. 129.5°-131.5°; Meyer (5) quotes m.p. 125°). Total yield, 
92% of theoretical. 

On adding 0.63 gm. of p-toluidine (ca. 2.2 mol.) to the benzene solution 
(10 cc.) of the sulphonic anhydride (0.82 gm.) the p-toluidine salt (0.73 gm.) of 
p-toluene sulphonic acid was deposited. p-Toluenesulphon-p-toluidide was 
recovered from the benzene solution in the usual way. One crystallization from 
aqueous ethanol gave 0.55 gm. (84%) of the substance with m.p. 119°-120°. 
(Reverdin and Cre’pieux (7) give m.p. 117°.) 

In an earlier experiment anhydrous p-toluene sulphonic acid (from 3.8 gm. 
of the hydrated sample) was treated with dicyclohexyl carbodiimide (2.3 gm.; 
ca. 10% excess), also dissolved in ether (15 cc.). The colorless material which 
separated was collected (4.2 gm.) and washed with ether. The filtrate deposited, 
on standing at 0°, stout crystals of the sulphonic anhydride (0.5 gm.; m.p. 
128°-129°). More anhydride (0.95 gm.) was recovered from the colorless material 
obtained above by fractional extraction with benzene. 
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REACTIONS OF SULPHONIC ESTERS 


I. A KINETIC STUDY OF THE EFFECT OF SUBSTITUENTS FOR A SERIES OF 
SULPHONIC ESTERS! 


By R. E. ROBERTSON 


ABSTRACT 

Kinetic data for the solvolysis of parasubstituted methyl, ethyl, and isopropyl 
benzenesulphonates in ethanol, methanol, methanol—water, and dioxane—water 
mixtures have been determined. It has been shown that the effect of the ionizing 
properties of the solvent of a-methylation, and of the +g of a strong base 
show the same general characteristics which for the halides have been considered 
diagnostic of a change in mechanism from a bimolecular solvolysis to a reaction 
in which ionization is rate controlling. The changes in the relative effect of 
para-substituents which accompany the apparent change of mechanism are 
examined. The greater effect of the para- NO» substituent over the meta-NO, sub- 
stituent for the isopropyl esters under ionizing conditions is attributed to the 
contribution of resonance stabilization in forming ion. 

This is the first paper of a series in which we propose to examine in some 
detail certain characteristics of reactions involving the displacement of the ben- 
zenesulphonate group in the generalized equation 

. Oo /— 

Y + R-OS< \x — Y-R+ 08 a [1] 
O a, OF i 
where Y is a nucleophilic agent which may or may not be charged, R is an alkyl 
group, and X is a para-substituent. 

In this paper we shall report the results of an investigation of the changes in 
the relative substituent effects for a series of methyl, ethyl, and isopropyl esters 
in a series of solvents of different ionizing properties, where other evidence has 
suggested that a possible change in mechanism may occur. Significant changes 
would be expected in the relative effect of substituents at X if structural changes 
in R were such as to change the mechanism of the reaction from one having the 
characteristics of a bimolecular substitution (Sy2) to a reaction in which the 
rate-controlling step is an ionization (Sy1)(1, 18). 

The evidence that the alkyl benzenesulphonates react by an Sy2-Sy1 type of 
mechanism rather than by some alternative mechanism (29), the problems 
involved in the shift from one mechanism to the other (34), and an investigation 
of salt effects properly belong to another publication. In this paper we shall 
limit our discussion of mechanism to the establishment of the correspondence 
between the kinetic effects of changes in structure, reagent, solvent, and sub- 
stituents in the benzenesulphonate series with those observed for the organic 
halides for which the Sy2-—Sy1 classification was first established (15), and for the 
alkyl nitrates recently discussed by Baker and Easty (2). The latter show the 
same evidence for a change of mechanism as the alkyl halides, and like the 
sulphonates, usually involve the breaking of a C—O bond in the transition 
state. 

Swain and Langsdorf (31), in a recent study of relative effects of para- 

1 Manuscript received January 6, 19538. 
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substituents in reactions of aralkyl halides, have concluded that the sign and 
magnitude of the factor p of the Hammett equation 

log kx/ky = po [2] 
are a measure of the extent of bond-making and bond-breaking at the transition 
state. The value of p would be large and negative for those reactions in which 
bond-breaking occurs prior to bond-making (Sy1) while smaller values would be 
characteristic of a bimolecular nucleophilic substitution (Sy2) where the two 
processes occur together. No such grouping of values was observed for the series 
of organic halide reactions reviewed by them; they therefore concluded that the 
Sx2-Sy1 classification of such reactions is not supported by this criterion and 
suggest that this classification be replaced by one which recognizes a unity of 
mechanism for halide reactions (28, 30). 

It is clear that the study of the relative effects of para-substituents on the 
rate of solvolysis of benzenesulphonic esters is not strictly analogous to the 
halide displacements discussed by Swain and Langsdorf (31) since, in our case, 
the para-substituted group is at C in the general three-center displacement 
reaction 

A+ BC—-AB+C [3] 
while for the halides the substituted group is at B. This should, however, 
introduce a simplification, since the sign of p is easily predicted when the aro- 
matic system is at A or C, whereas when the aromatic system is at B the task is 
complicated by the fact that any effect favoring bond-making must oppose 
bond-breaking, and so neither the sign nor the magnitude of p can be predicted 
with certainty (3, 12, 13). Further, the magnitude of the change of the relative 
substituent effects with a change in mechanism would be expected to be at least 
as significant when the aromatic system is at C as when it is at B. Thus, the 
deductions made by Swain and Langsdorf (31) relating mechanism and relative 
substituent effects should also be valid for the solvolysis of a series of alkyl 
benzenesulphonates. This is the basic assumption which underlies the following 
experiments. 

While there has been no systematic study of the reactions of the benzene- 
sulphonic esters comparable to the work on the organic halides, on which the 
Sx1-—Sx2 classification is based,* it has long been known (9), and generally 
accepted, that the mechanism of the displacement involves the scission of the 
C—O bond save in the special case where R (Equation 1) is a phenyl group 
(9, 4) and this mechanism has been accepted as a basis for comparing the 
effect of changes in the structure of the alkyl group, or the para-substituent, or 
the solvent. Elimination in solvolysis of these esters was considered to be negli- 
gible for the purpose of this comparison since it was shown in preliminary runs 
both by a titration method (23) previously calibrated against a known, and by a 
fractionation of products and estimation of the propylene with a mass spectro- 
graph,** that the amount of elimination in the presence of 0.025 M NaOEt was 


*This work, largely due to the extensive research of C. K. Ingold, E. D. Hughes, and colleagues, 
has been summarized by E. D. Hughes (Ref. 18) and recently reviewed in part by Winstein, 
Grunwald, and Jones (Ref. 34). 

**The assistance of Dr. F. P. Lossing, in whose section of these laboratories the mass spectro- 
graphic analysis was made, is gratefully acknowledged. 
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10-12% for isopropyl p-methyl benzenesulphonate in dry ethanol at 50°C. 

The general effect of changes in the alkyl group on the rate of. alcoholysis of 
the alkyl benzenesulphonates was known (27) and certain evidence indicated 
that the shift from S,2 to Syl occurred more readily for these esters than for the 
corresponding halides. Winstein and his colleagues (34) consider isopropyl 
p-bromobenzenesulphonate to react by mixed kinetics in aqueous alcohol, but 
their evidence that the actual mechanism is a kind of hybrid of the typical 
Sx2-Sy1 mechanisms is not conclusive. 

The first order rate constant for isopropyl benzenesulphonate in 50/50 v./v. 
methanol—water shows no acceleration on the addition of the strong base, 
OH~(5), and but a small acceleration of rate was observed in the solvolysis of 
ethyl para-nitrobenzenesulphonate in a 30/70 alcohol—water mixture on the 
addition of a small amount of a strong base (7). From such evidence as this, we 
were led to expect that the study of a series of alkyl benzenesulphonates would 
yield data quite comparable to those of the corresponding halides and nitrates, 
and that the same tests for a change of mechanism would apply. These points 
of correspondence are extended prior to a discussion of the changes in the 
relative substituent effects, as changes in the R group or in the solvent alter the 
conditions from those favoring an Sx2 mechanism to those favoring the Syl 
mechanism. 


RESULTS 
The difference between the Sy2 mechanism and the Sxl mechanism is based 
in part on (a) the effect on the rate of substituting a strong nucleophilic reagent 
for a weaker one, (0) the effect of an increase in the ionizing properties of the 
solvent, and (c) the effect of changes in the structure of R (Equation 1) on the 
rate; and it will be sufficient for our purpose to establish a correspondence be- 
tween the halides, nitrates, and benzenesulphonates on these points to justify 
certain hypotheses with respect to mechanism and to examine the relative 
effect of para-substituents on the basis of such assumptions. 
In the kinetic studies of the organic halides, the effect on the rate of adding 
a strong base to a solvolytic reaction was one of the first and still remains one of 
TABLE I 


RATE DATA* SHOWING THE EFFECTS OF ADDED BASE ON THE SOLVOLYSIS OF METHYL, ETHYL, 
AND ISOPROPYL BENZENESULPHONATE 














Constant | Solvent | Base | Temp., °C, Methyl Ethyl | Isopropyl 
= | 
| | 

ki X 10' sec.—! | EtOH i. 70 | 0.705 0.306 1.02 
ke, X 10' mol.—'J.sec.—!) EtOH 10.02 M | 70 | 10300 401 mn 
ki X 10* sec.“ = “al — 50 | 0.654 0.349 4.64 

hes }— | 2% | — oath 0.250 
ky X 10* sec.-! 10.02 M | 50 |} 2.65 — 4.85 

| (0.04 M 25 | — — 0.254 











, *Data for a typical solvolytic run are included among the Experimental Details. 

** FtOH/H2O 50% refers to a mixture of equal volumes of alcohol and water. 80% EtOH/H:0 
refers toa mixture of 80 volumes of alcohol and 20 volumes of water. 

*** Corrected for solvolysis. 
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the critical tests for detecting whether or not the rate-controlling step involves 
an ionizing mechanism (14, 16). In Table I are recorded the first order rate 
constants for methyl, ethyl, and isopropyl benzenesulphonates in dry ethanol 
and in mixed solvents of greater ionizing power with and without the addition 
of a strong base. A comparison of the trends evident in Table I with those 
discussed by Hughes, Ingold, and Shapiro (17) for the corresponding halides, 
particularly isopropyl bromide, shows that there is the same minimum in the 
solvolytic rates at ethyl, the order being Me > Et < IsoPro, while the increasing 
hindrance to the approach of a charged ion as a result of a-methylation gives a 
bimolecular rate order of Me > Et > IsoPro. In ethanol the relative values 
for the reaction with EtO~ for the benzenesulphonic esters are 1: 0.036: 0.0067. 
These are comparable to the values for the corresponding bromides of 1: 0.08: 
0.002, but contrast with the much smaller differences in aqueous ethanol found 
by Baker and Easty (2) for the corresponding nitrates 1: 0.106: 0.134. Since the 
same bond is being broken for both the benzenesulphonates and the nitrates, 
the suggestion of these authors that dipole repulsion is a rate-controlling factor 
is open to question.* 

In dry ethanol, the reaction of isopropyl benzenesulphonate is probably 
bimolecular, but in 50% alcohol—-water the change in the first order constant 
from 2.50 X 10-* to 2.54 X 10-° on the addition of 0.04 molar OH is of the 
order of a salt effect, and the second order rate ‘‘constant’’ was found to increase 
with time. In contrast, methyl benzenesulphonate does not give a “‘first order 
rate constant”’ in the presence of base but follows a bimolecular law as would 
be expected. 

The effect of adding water to ethanol is to increase the ionizing ability of the 
solvent and thereby to accelerate the solvolytic reaction which depends on the 
stabilization of partial charges in the transition state; for the same reason the 
reaction involving the charged base is seen to be retarded because of the stabili- 
zation of the initial state, and the substitution of the highly solvated OH for 
EtO—. These qualitative results, first established for the halides, are all evident 
in the results reported in Table I for the benzenesulphonates. 

Effect of Solvent 

The effect of changing from a fair ionizing solvent to a good ionizing solvent, 
while of less diagnostic value for the purpose of establishing evidence for a 
change of mechanism (15), is very important for the purpose of this paper, 
since by this means we are able to change more gradually the factors which 
favor the Syl mechanism over those favoring the Sy2 mechanism. Data for the 
solvolysis of a series of para-substituted methyl, ethyl, and isopropyl benzene- 
sulphonates in ethanol, methanol, ethanol-water, and in dioxane-water are 
reported in Tables II, III, IV, and V. 

The benzenesulphonate esters reach comparable rates of solvolysis at lower 
temperatures than do the bromides (34) and the nitrates (2) and this may be 
attributed to the more ionic character of the C—O bond in the benzenesulphonic 
esters, particularly for the isopropyl esters. The result of this is evident in the 


*Prof. P. L. Laughton has pointed out that since the sulphonate group possesses a comparable 
dipole, we would expect the same argument to apply to the reactions of these esters, and this is not so. 
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TABLE II 
KINETIC DATA FOR SOLVOLYSIS OF A SERIES OF SULPHONIC ESTERS IN DRY ETHANOL 








log B, | nt 











l l 

Ester Temp., | ki X 105,**| kx/ky E, | | Ranget 

a = sec? | | | | 

Me-pMeO* =| 70 | 3.16 | 0.45 | 21,080 8.9272 | 3] 70 -90 
Me-pMe 4.51 0.64 | 21/360 | 9.2628 | 2| 62.5-80 
Me-pH | 7.04 1.00 | 20,730 | 9.0551} 3] 70 -90 
Me-pBr | (15.5) | 2.20} 20,800 | 9.441 | 2| 50 -62.5 
Me-pNO, 65.3 | O.5F = — a — 
Me-mNO, | | ee. 1-884 20,690 | 10.062 | 4! 45 -70 
E-pMeO | 1.43 | 0.47| 21,720 | 8.949 | 3| 70 -90 
Et-pMe | | 1.93 | 0.63] 21980 | 9.208 | 5| 45 -90 
Et-pH 3.06 | 1.00} 21,450 | 9.1475} 3| 70 -90 
Et-pBr | | (4.72) | 1.92] 21,300 | 9.233 | 3| 40 -80 
Et-pNOz | 27.8 | 9.08] 21,680 | 10.247 | 4] 40 -70 
Et-mNO, | 32.8 ; — _— — 3| 45 -70 
IsoPro—-pMeO 3.73 | 0.37] 23,300 | 10.416 | 2] 60 -70 
IsoPro-pMe | 6.46 | 0.63) 22,900 | 10.400 | 3| 60 -80 
ae | (70 | 10.2 | 1.00| 22817 | 10.5327] 3| 50 -70 
aint, ann ao a | ee 
IsoPro-pBr | 70 | 26.6 2.61 | 22,330 | 10.6522 4] 50 -80 
IsoPro-pNO; | be | =. 7s | 22,880 | 11.661 | 8 50 -70 
IsoPro-mNO. | 50 | 21.9 17.4 | 3 | 50 -70 


| 22,100 | 10.535 | 
| | | 





* The method of notation will be obvious from this abbreviation: of methyl para-methoxyben- 
senesulphonate. 

** Initial concentration of ester was 0.013-0.010 molar. 

+ nis the number of temperatures for which rates were determined. 

t In this column are recorded the minimum and maximum temperature for which rates were 
determined. 


TABLE III 


KINETIC DATA FOR THE SOLVOLYSIS OF A SERIES OF METHYL, ETHYL, AND ISOPROPYL 
BENZENESULPHONIC ESTERS IN DRY METHANOL AT 50°C. 




















Ester ki X 10, lkx/ky | Eyg,cal. | log B, | n | Temp. 
sec.—! | sec.71 | range 
a | ae ee ee, 
| | | | | 
Me-pMe* | (1.06) *** 0.65 21,390 9.4938 | 5 | 30-80 
Me-pH 1.63 1.00 | 20,880 9.334 
Me-pBr 3.45 | 2.20 | 21,150 9.863 ) 5 | 33-70 
Me-pNO, 14.0 | 8.60 | — — 
Me-mNO: 14.9 | 9.17 | — -- | | 
Et-pMe 0.493 | 0.62 | 22,800 9.9247 | 6 | 50-90 
Et-pH 0.790** | 1.00 | 22,180 9.819 i. % | 50-90 
Et-pNO, 7.10 | 9.00 | 19,750 9.149 | 
IsoPro—pH | 91 1.00 
IsoPro—pBr | (9.23)*** | 2.36 | 23,200 11.522 | 5 | 28-62 .5 
IsoPro—pNO2 | 41.7 | 10.65 | 22,360 11.739 | $6 | 25-50 
IsoPro-mNOz | 44.2 | 11.28 | | | 
| 








“* See Note 1, Table II. 
** Tomilla and Lindholm (33) report 0.800; E4 22,090; log A 9.84. 
*** Interpolated. 
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TABLE IV 
SOLVOLYTIC RATE CONSTANTS FOR A SERIES OF ALKYL BENZENESULPHONATES IN WATER- 
ETHANOL 
pean 
| 80/20 v./v. ethanol—-water | 50/50 v./v. ethanol—water 
Ester | Temp. 
| ki X 105, | kx ky ki X 105, | kx/ky 
} sec.—! | sec.—! 
yur 2 | 
Me-pMe | 50 2.22 0.665 4.41 | 0.67 
Me-pH | 50 3.34 1.00 6.60 | 1.00 
Me-pNO, 50 35.3 10.6 61.7 9.35 
Me-mNO:z | 50 36.1 10.8 56.7 8.59 
Et-pMe* | 50 0.952 0.64 Si 0.62 
Et-pH | 50 1.49 1.00 3.49 | 1.60 
Et-pNO» 50 16.5 | 11.7 —- — 
f | (25 — _ 147 | 0.59 
sain nas | 50 «=C| C545 Cd]: CCT: | 
ae | (25 | it ma | 2.50 1.00 
espinal ome | \50 =| = 9.04 1.00 46.0 | 1.00 
IsoPro-—pBr | 25 } = — 7.30 2.92 
: : | (25 | 8.60 | ~- 44.4 17.7 
IsoPro—pNO: 150 | 136 | 15.2 - ‘ 
IsoPro—mNOz 25 | ae a 34.2 | 13.7 





*Ref. 34 gives 0.923 and 2.18 for corresponding solvents. 


TABLE V 
KINETIC DATA FOR THE HYDROLYSIS OF A SERIES OF METHYL, ETHYL, AND ISOPROPYL 
BENZENESULPHONIC ESTERS IN 50/50 w./W. DIOXANE-WATER AT 50°C. 

















| | 
Ester | Temp. | ki X 105, kx/ky | Ea, cal. | log B, n | Temp. 
| sec.—! | ge | range 
ae a eo 
Me-pMe 50 | 2.29 0.63 | 21,100 | 9.6221 | 5 | 30-745 

Me-pH 50 | 3.62 1.00 | . — | 

Me-pBr 50 | 10.5 2.90 | 20,380 9.623 | 5 | 30-70 
Me-pNO; | 50 | 32.3 $92; — — 

Et-pMe | 50 |. 1.08 0.60 | 21,500 9.566 | 3| 40-70 
Et-pH 50 | 1.80 1.00 | | | 
Et-pNO, 50 | 18.5 10.2 | | | 
IsoPro—pMe 50. | 1.53 0.56 | | 
IsoPro-pH 50 | 27.1 1.00 | | 
IsoPro-pH 2 | 1.63 1.00 | | ae 

IsoPro-pBr 50 | (6.31)* 2.32 | 21,500 11.309 3 | 20-40 
IsoPro-pNOz 25 | 23.0 14.1 | | 
IsoPro—mNOz 25 18.0 11.5 | | | 
| | | 














*Extrapolated. 


comparison of the effect of increasing the ionizing ability of the solvents on the 
solvolysis of the two series of compounds (Table V1). 

The methyl compounds wiil solvolyze by an Sy2 mechanism in these solvents 
and while increasing the ionizing power of the solvent will accelerate both 
mechanisms; Table VI shows that the acceleration of the isopropyl compounds 
is more strongly influenced by the increasing ionizing power of the solvent and 
this is reflected by the increase in the value of the ratio R jsopropyi/Rmetny:- While 
the larger values observed for the benzenesulphonate series and the inversion 
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TABLE VI 
A COMPARISON OF RELATIVE SOLVOLYTIC RATES* FOR THE SERIES METHYL, ETHYL, AND 


ISOPROPYL BENZENESULPHONATES WITH THE CORRESPONDING BROMIDES** IN A SERIES OF 
SOLVENTS AT 50°C. 

















| l l ] 
Ester | Solvent | Methyl| Ethyl | Isopropyl 

| | | Pease 
Benzenesulphonate | Ethanol 1 | 0.43 1.45 
Bromide | Ethanol L | Oa | 0.28 
Benzenesulphonate | Methanol*** 1 | 0.49 | 2.40 
Benzenesulphonate | 80/20 v./v. ethanol—water 1 | 0.45 | 2.71 
Bromide | 80/20 v./v. ethanol-water 1 | 0.39 | 0.54 
Benzenesulphonate | 50/50 v./v. ethanol—water 1 0.53 | 6.97 
Bromide | 50/50 v./v. ethanol—water P) eee 4 1.49 
Benzenesulphonate | Water 1 | 0.95 | — 
Bromide | Water 1 | 1.08 11.0 





*These are the over-all solvolytic rates. 
**Data from Ref. (34). 
***T here are no corresponding data for the bromides available. 


of the ratio observed for the bromides in pure ethanol may both be attributed toa 
difference in the relative strength of the bond being broken, an influence which 
is also supported by the greater nucleophilic activity of the bromide ion (20), 
it is equally probable that because the C-O bond in the benzenesulphonate is 
more ionic in the initial state, this same characteristic facilitates solvolysis. 

In establishing a trend toward a change in mechanism, it is important to 
note that the ratio of the solvolytic rate between the isopropyl and the methyl 
esters increased on changing from 50/50 ethanol—water to 50/50 dioxane—water 
while the actual rates decreased by one-half (Tables III and IV). These results 
may be attributed to the decrease in the nucleophilic activity of the solvent on 
replacing ethanol by dioxane, and this will have a disproportionate effect on the 
methyl benzenesulphonate. The ratio of Rsopropyi/Rmetny: for the corresponding 
nitrates in 90% alcohol—water at 60°C. is 0.95 and in 60% alcohol—water is 
2.5. It will be noted that these results lie between those of the benzenesulphon- 
ates and the bromides although the order for the rates of solvolysis is benzene- 
sulphonate > bromide > nitrate. 


Salt Effect 


The differential effect of added noncommon ions and common ions on the rate 
of solvolysis has proved an important approach to distinguishing between the 
Syl and Sy2 mechanism (6). Preliminary tests of the effect of added salt in 
80/20 ethanol—water with isopropyl p-nitrobenzenesulphonate (Table IV) show 
the salt effect to be small for the noted concentration and the effect of the 
common and noncommon ion to be of the same order and sign. The lack of 
sensitivity of the solvolyzing benzenesulphonic esters to salt effects was also 
noted by Hammett and McCleary for the solvolysis of ethyl p-toluenesul- 
phonate in dioxane-water (20), and more recently by Kochi and Hammond, 
who found that a 20-fold increase in ionic strength gave no more than a 10% 
change in rate for para-substituted benzyl toluenesulphonates which apparently 
react by an Syl mechanism (19). 











596 CANADIAN JOURNAL OF CHEMISTRY. VOL. 31 


These data are sufficient to establish the correspondence between displace- 
ment reactions of the bromides, nitrates, and the sulphonates, and to show that 
for the latter series the solvent is to a greater degree than the former involved 
in a different way in the transition state where R (Equation 1) is methyl and 
where R is isopropyl]. This distinction forms the basis of the classification under 
discussion. 

Effect of Substituents 

The effect of this apparent change in mechanism on the relative substituent 
effects is readily seen by reference to the column kx/ky in Tables II, III, [V, and 
V. While the magnitude of the relative effect of a para-substituent on the rate 
of reaction is modified by the intervention of two saturated atoms between the 
aromatic ring and the seat of the reaction, the systematic changes which do 
occur conform to the reasonable expectation that electrostatic interaction 
between the substituent and partial charges in the transition state will increase 
as charge separation increases, tending toward a maximum in those cases 
where other evidence suggests a shift in mechanism from S,2 to Syl. As Swain 
has already observed in the case of the halides, these data for the benzene- 
sulphonates show no large change in the relative effect of substituents with 
such a change in mechanism. This fact is well illustrated by the isopropyl 
benzenesulphonates when we compare the relative substituent effects in ethanol 
(Table I1) where the reaction shows typical bimolecular characteristics to those 
observed in 50% aqueous ethanol (Table IV) where the conventional test of 
the effect of added base shows no increase in the first order rate constant (Table 
I) and so leads to the conclusion that the reaction approximates to the Sy1 
mechanism.* 

A change in the relative substituent effect is observed in the direction which 
would be expected if charge separation in the transition state were increased 
in the series Me—-Et—IsoPro or when the ionizing property of the solvent is 
increased. The prediction that a change in mechanism would result in a large 
change (1) in the relative effect of the substituent is not confirmed for the case 
of the solvolysis of the benzenesulphonic esters. Since it is difficult to estimate by 
independent means the magnitude to be expected for the relative difference in 
substituent effects between an Sx,2 and an Sxl mechanism, we have concluded 
that the observed difference is evidence of a change of mechanism, rather than 
the opposite view held by Swain and Langsdorf based on evidence from the 
reactions of the organic halides. 

In ethanol, where it may be assumed that the reaction follows an Sx2 mech- 
anism, the effect of the para-methyl is the same for the three esters and this 
relative value of about 0.60 is maintained in the other solvents examined with 
the exception of an increase to 0.73 in pure water. The relative values of the 
para MeO and Br are about the same for the methyl and ethy! ester but show 
an increase for the isopropyl ester, and this difference increases still further 

*Winstein, Grunwald, and Jones (34), on the basis of a comparison of relative rates of solvolysis 
in solvents of varying properties, consider the nucleophilic activity of the solvent to be still rate 
controlling for isopropyl p-bromobenzenesulphonate in aqueous alcohol. Our conclusion differs 


from this only in so far as we emphasize the increased importance of solvation in the transition 
State. 
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(from 2.61 to 2.96 for p-Br) in 50/50 ethanol—-water. These changes in the 
relative effect of the substituent are in agreement with the above reasonable 
hypothesis that the electrostatic interaction of the substituent ,will increase 
when change in structure or solvent becomes more favorable to the stabilization 
of charges. It follows that, even in ethanol, which is not a good ionizing solvent, 
there is an apparently greater charge separation with the isopropyl ester than 
with the methyl or the ethyl esters, and this difference increases as the ionizing 
power of the solvent increases. These conclusions are most evident for the para- 
and meta-nitro substituents. Thus the ratio of kxo,/Rknu for the para-nitro sub- 
stituted esters have for the methyl, ethyl, and isopropyl ester the values of 
9.27, 9.08, and 13.0 in dry ethanol and have the values in methanol of 8.60, 
9.67, and 10.65, respectively. In ethanol—water (80% ethanol) the higher values 
of 10.6, 11.7, and 15.2 are found and in 50% ethanol the values of the ratio 
for the methyl ester are 9.35 and for the isopropyl ester, 18.8. From these data 
we may obtain not only the general order of the relative change in the sub- 
stituent effect for this reaction as we change from reaction conditions which 
favor a bimolecular solvolysis to one more favorable to rate-controlling ioniza- 
tion, but also further insight into the effect of a-methylation on the charge 
separation in the transition state. 

It was supposed that part of the effect of the para-nitro group might be 
attributed to the ability of this group to lower the energy of the forming ion 
by some type of resonance stabilization. To test this hypothesis, the correspond- 
ing methyl and isopropyl meta-nitro substituted esters were solvolyzed in the 
same solvents. The results are recorded beside those of the corresponding 
para-nitro compounds and it will be seen at once that in ethanol the meta-nitro 
group has a larger relative effect than the para-nitro group and this difference 
is larger for the isopropyl ester than for the methyl ester. The difference, though 
it still exists, is smaller in methanol while in 50% ethanol the para-substituent 
has a larger effect than the meta-nitro and this difference is larger for the isopro- 
pyl ester than for the methy] ester. 

The greater effect of the meta-nitro group over the para-substituent may be 
taken as evidence that inductive effects are most important in the bimolecular 
reactions (25). The increase in the value of the Rpxo,/Rmno, ratio where condi- 
tions are altered to favor the Syl mechanism indicates the possibility of some 
resonance stabilization of the transition state and supports the hypothesis that 
ionization is of increasing importance in the rate-controlling step for the solvoly- 
sis of isopropyl benzenesulphonates in 50% ethanol—water. For those reactions 
which show mixed characteristics, the changes in the relative substituent effect 
provide no means of determining whether they arise as a result of an averaging 
process of two different mechanisms occurring simultaneously or whether the 
results indicate the increasing contribution of charge separation in the transition 
state as the ionizing properties of the solvent and the structure of R makes this 
course energetically more favorable. The data do support, however, the view that 
there is no sharp break between the two mechanisms, as can be seen by a com- 
parison of the relative substituent effects in ethanol (Table II) with those in the 
better ionizing ethanol—water mixtures (Table IV). 
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Arrhenius Constants 

While the temperature dependence of these reactions has not been determined 
over a sufficiently wide range of temperature, nor with an accuracy greater than 
+ 250 cal., it is clear from Tables II, III, and V that the relatively small changes 
in the free energy of activation produced by the para-substituents reflect slight 
and apparently random changes in the Arrhenius parameters. At the present 
time there is no theory which provides a basis for relating the observed small 
increments to structural changes. In Table II, it will be noted that there is a 
decrease in rate between the methyl] and the ethyl ester, and an increase of 
about 600 cal. in the activation energy. There is a further increase in the activa- 
tion energy between the ethyl and the isopropyl esters, but this is more than 
compensated by an increase in the nonexponential term, B. Since there is 
independent evidence to suggest that the solvolysis of the isopropyl esters 
involves a larger ordering of the solvent in the transition state, the latter changes 
of the Arrhenius parameters are not to be expected (8, 26) and an alternate 
explanation is being explored. 

Perhaps the most striking anomaly is the curious fact that the activation 
energy for the attack of the strong base EtO™ in dry ethanol* and of the relatively 
weak base EtOH should both be about 21,000 cal., the difference in the relative 
rates of 10* being accounted for by a change in the nonexponential factor. 


Experimental Details 


Ethanol: Commercial absolute ethanol was distilled from calcium oxide 
through a 2-ft. Stedman column and subsequently distilled prior to use from 
ethyl biphthalate and sodium (21). 

Methanol: Anhydrous methanol from Brickman Limited was dried by 
dissolving 5 gm. magnesium per liter, and distilling. 

Dioxane: Was purified by refluxing with hydrochloric acid, and after distilla- 
tion and preliminary drying, distillation over sodium. B.p. 101—101.2°C. 

Ethanol—water mixtures were made up by volume. The dioxane—water mix- 
ture was made up by weight. 

Sulphonic esters: Methyl and ethyl benzene and toluene sulphonates were 
obtained from Eastman Kodak and were recrystallized. The remainder were 
synthesized either by the addition of the alkoxide to an ether solution of the 
corresponding sulphony! chloride (22) or by the modified Tipson method (32). 
Isopropyl p-Me and p-MeO benzenesulphonate decomposed under normal 
distillation conditions and were distilled on a Distillation Products Spinning 
Molecular Still and subsequently purified by fractional freezing. Isopropyl 
p-bromobenzenesulphonate was recrystallized from petroleum (60—70°) ether 
and from the melt. The crude isopropyl p-nitrobenzenesulphonate was washed 
repeatedly with cold petroleum ether and subsequently recrystallized from 
ether and petroleum ether. 

It was found expedient to treat the crude chloroform solution of meta- 
nitrobenzenesulphonate (Method 1) with a few drops of 30% hydrogen peroxide 


*Unpublished results. 
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in order to facilitate subsequent purification by recrystallization from ether and 
cyclohexane. 

Where known, the physical constants were compared with the literature and 
in all cases the neutral equivalent obtained in 80%. ethanol—water was closer 
than 1% to theoretical. These data are summarized in Table IV. 

Kinetic Studies 

All the data reported here were obtained with Monax Test Tubes; Pyrex 
Tubes, Kimble glass tubes, Corning alkali resistant glass proving less satisfactory 
in various degrees. 

The bath temperatures were controlled by a Gouy modified thermoregulator 
(11) to better than 0.02°C. Temperatures were determined with a set of thermo- 
meters calibrated in the Meteorological Section of the National Research 
Laboratories. Time was determined by a clock driven by a current from the 
Standard Frequency Laboratory. 


Titration 

The greatest source of error in such work normally arises from errors of analy- 
sis. We materially reduced error from this source by the use of a differential 
titrimeter based on the circuit of Nichols and Kindt (24) but modified by (1) 
return to the “‘in-line’’ assembly of an earlier design, thus eliminating the Lumi- 
tron fan assembly, (2) the use of a 110 v. Mazda Projection lamp. The intensity 
was controlled by a Variac rather than the diaphragm, (3) the use of an Ne» 
(free of CO.) mixed titration cell. 

With such an aid the end point could be duplicated on successive titrations 
with an accuracy greater than it was possible to read a 5 ml. microburette 


TABLE VIIA 
SOLVOLYSIS OF METHYL p-METHYLBENZENESULPHONATE IN DRY METHANOL AT 70°C. 


Sample—4.86 ml. 
Normality of base-0.00971. 
Initial concentration of ester—0.0150 molar. 








| | 
Time, min. | Titer, ml. | a—-x ki X 105, sec.~! 








| 
0 | 0.696 | 7.531 | 
0 | 0.696 | | 
s- | 5 7.057 | (7.23) 
35 | 1.770 6.457 | 7.33 
55 | 2.315 5.912 7.33 
75 =| ~— 2.830 5.397 7.40 
9 | 3.280 4.947 7.37 
115 3.733 4.494 7.48 
135 4.096 4.131 7.41 
167 4.652 3.575 7.44 
180 4.820 3.407 7.34 
195 5.049 3.178 7.37 
8.229 
co 8.225 














Average k; = 7.36 X 10-5 sec.— 
Average % deviation from the mean—0.68%. 
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TABLE VIIB 

TEMPERATURE DEPENDENCE OF THE RATE OF SOLVOLYSIS OF METHYL 

SULPHONATE IN DRY METHANOL 








| 





p-METHYLBENZENE- 








Temp., ki X 108 ki X 108 
, abs. caic.* 
| 
30.0 | 1.197 bag 
40.0 3.63 3.63 
62.5 | 36.6 3.64 
70 | wo.4 73.5 
73.4 
80 176.7 178.8 








The above data yield Arrhenius parameters of Ex, = 21,390 and log B = 


9.4938. 
*Calculated from the Arrhenius constants. 


graduated to 0.01 ml. (E/MIL — Gold Line). Just as important as the gain in 
accuracy was the repetitive sensitivity from run to run and during the course of 
any one run. Where the titrimeter could not be used, we titrated in cold acetone 
using lacmoid as an indicator. Data in Table VIIA-VIIB for the solvolysis of 
methyl p-methylbenzenesulphonate in dry methanol are typical of the work 
reported here. 

The data for ethyl p-toluene sulphonate in water were determined by a 
conductance method essentially as described by Gold (10). 


Accuracy of Data 


Rate constants were considered sufficiently accurate for the purpose of this 
comparison if the average percentage deviation from the mean was of the order 
of 1% or less for first order solvolytic rate constants and 2% for bimolecular 
rate constants. 


TABLE VIII 
PHYSICAL CONSTANTS OF SULPHONIC ESTERS 














Ester | n29 | M.p. 
Me-pMeO 1.5290 30 
Me-pMe | 1.5169 28 
Me-pH 1.5151 | 
Me—pBr | 60.5 
Me-pNO, | 
Et-pMeO 1.5238 
Et-pMe | — 32-33 
Et-pH | 1.5081 a 
Et-pBr | — 39 .0-39.4 
Et-pNO, _ 92 -92.5 
IsoPro—pMeO 1.5150 — 
IsoPro—pMe 1.5028 — 
IsoPro—pH | 1.5003 —- 
IsoPro—pBr — 32 
IsoPro—pNOz — 50 -5l 
IsoPro—mNOz oo 53-54 
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STUDIES OF RDX AND RELATED COMPOUNDS 
XI. THE CONVERSION OF PHX TO AcAn! 


By R. A. Marcus? AND C. A. WINKLER 


ABSTRACT 
The formation of AcAn from PHX, nitric acid, and acetic anhydride has been 
investigated at various temperatures. The effects of added acetic acid and added 
salts have been determined. While the reaction is first order with respect to 
PHX, it is of an order 2.6 with respect to nitric acid. The reaction rate is 
significantly decreased by small concentrations of sodium nitrate. The reaction 
is also characterized by a secondary salt effect and a low apparent activation 
energy of about 2 kcal. mole~!. A mechanism has been suggested in qualitative, 
and to some extent quantitative, agreement with the experimental data. It 
is postulated that the conversion of PHX involves a rate-controlling ionic 
reaction between PHX and nitric acid, and that this is followed by a rapid 

acetylation of the acidic intermediate to AcAn. 


INTRODUCTION 


In the present paper of this series an attempt has been made to study in some 
detail a reaction of frequent occurrence in the chemistry of RDX and related 
compounds, namely the rupture of a methylene carbon-nitrogen bond. A search 
of the literature for a simple example of such a reaction, that is, where only 
one bond in the organic molecule was broken, revealed only two cases: (1) 
the formation of 2-acetoxymethyl-4,6,8-trinitrocyclotetramethylene tetramine 
(PHX) from 1,5-endomethylene-3,7-dinitrocyclo-2,4,6,8-tetramethylene-1,3,5, 
7-tetramine (DPT) and (2) the formation of 1,9-diacetoxypentamethylene- 
2,4,6,8-tetranitramine (AcAn) from PHX. These reactions are given in equa- 
tions [1] and [2] respectively. 


NO, 
O2N-—N-CH2—-N-—CH:2-N-NO, O,N-N-CH;-N-CH;-N-NO; 
| Ac:0O 
CH: —_—_--__» (1] 
| | one mole HNO; 
CH.——_N———-CH2 CH,——-N———-CH2 
CH,OAc 
DPT PHX 
NOz 
| 
O.2N-N-CH2-N-—CH2-N-NO,z 
| Ac,0 NO, 
[2] 
HNO; AcO(CH2-N),CH2,OAc 
CH.——- N——_CH, 
CH.,OAc 
PHX AcAn 


Although the former is too rapid for kinetic investigation the latter presents 
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no such objection, and its study constitutes the bulk of the present work. 


EXPERIMENTAL AND RESULTS 
Materials 

Nitric acid of approximately 99% concentration was prepared by vacuum 
distillation of a solution of 480 gm. ammonium nitrate in 600 ml. concentrated 
sulphuric acid at a pressure of 1 mm. and temperature 40°-65°C. The acid so 
obtained was either colorless or very pale yellow. Any nitrogen dioxide present 
was removed by bubbling dried air through the liquid. The acid was stored in 
the dark at 0°C. The acetic anhydride, approximately 95% pure (5% acetic 
acid), was obtained from Mallinckrodt (A.R.) or Merck (C.P.). It was used 
directly without further purification and no appreciable difference was observed 
with the use of either sample. 

The PHX was prepared from DPT which, in turn, was made from hexamine 
according to Bachmann’s procedure (1). Solutions of 1.5 moles hexamine in 
5.5 moles of acetic acid and of 3 moles of 99% nitric acid in 3.5 moles acetic 
anhydride were added continuously and in equivalent amounts to one mole 
acetic acid over a 60 min. period, at 27° to 30°C. The solution was cooled and 
stirred vigorously while the addition was made, and the stirring was continued 
for 30 min. after it was completed. Dilution with 800 ml, water at 65°C. yielded 
a precipitate of DPT which was filtered off, washed thoroughly with water, 
and recrystallized from acetone. To 5 gm. of DPT suspended in 23 ml. acetic 
anhydride was added 1 ml. of 99% nitric acid. PHX precipitated before all the 
DPT went into solution. The precipitate was filtered immediately and washed 
with a few milliliters of acetone. It melted at 152-3°C. 

Although PHX has never been recrystallized from any solvent, different 
batches of PHX gave exactly similar AcAn yield-time data. The PHX obtained 
was therefore considered to be sufficiently pure for use in the present investiga- 
tion. An impurity was isolated, however, and found to be present to the extent 
of 4% by weight. The results were indirectly corrected for the presence of this 
contaminant in a manner described later. 

Experimental Procedure 

Solutions of ‘‘acetyl nitrate’’ were prepared (a) by pipetting the appropriate 
volume of nitric acid (at 0°C.) into an exact volume of acetic anhydride in a 
flask, (previously cooled in an ice bath) for each sample, or alternatively (0) by 
preparation of a fresh stock solution of nitric acid in acetic anhydride and with- 
drawal of aliquots for each experiment. Because of the large quantities of heat 
evolved, the acetic anhydride was, in the latter case, cooled to —78°C. before, 
and during, the addition of nitric acid. Aliquots were diluted with water toa 
standard volume and titrated for nitric acid with standard base, to a given pH 
as determined by a blank, according to the method of Betts, Stuart, and Winkler 
(3). Again the solutions, if not colorless, were rendered so by the same procedure 
as for nitric acid, described earlier. With the precaution of storing them in the 
dark at 0°C. they did not change titer over a period of at least eight hours. 
The presence of nitrogen dioxide had to be avoided since it was found to lower 
the yield of AcAn significantly. 
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Stoppered flasks containing the acetyl nitrate were placed in a thermostat, 
equipped with a mechanical shaker, and controlled to +0.1°C. After an interval 
of 10 min., during which the solution attained thermal equilibrium, the PHX 
was added. The solid dissolved almost completely in 30 sec. After appropriate 
reaction times the samples were diluted with distilled water to a standard 
volume, the mixtures allowed to stand for three days to ensure complete 
precipitation of AcAn, and then filtered through tared sintered glass crucibles 
and dried at 110°C. for several days. The data have been corrected for solubility 
losses which amounted to 10% of the weight of product on the average. 

Variation of PHX concentration was limited by its small solubility in the 
reaction medium (e.g. at 35°C. the solubility in 20 ml. of solution was 0.5 gm. 
while at 15°C. it was 0.15 gm.). 

In the experiments with added salts a weighed amount of salt was dissolved 
in 99% nitric acid and the solution diluted with the acid to a standard volume 
at 0°C. Aliquots of this solution were then pipetted into given volumes of acetic 
anhydride. This procedure avoided the difficulties associated with the very small 
rate of solution of these salts in acetic anhydride ~—nitric acid media. 

The effect of added acetic acid on the reaction rate was also investigated. 
Standard solutions of glacial acetic acid in 95% acetic anhydride were prepared 
and aliquots withdrawn for each sample. Variation of the acetic acid concentra- 
tion was limited by the small solubility of PHX in the solutions. 


Calculation of Rate Constants 


The curves obtained with acid concentrations greater than one molar, while 
first order for a large part of the reaction, are characterized by a slow secondary 
reaction to give AcAn or other water insoluble material. Fortunately, this slow 
secondary reaction can be readily differentiated from the main reaction to give 
AcAn, and the true final yield of AcAn was obtained by an obvious extrapolation, 
as in Fig. 1. The yields of AcAn are in general not 100%, because of a side 

















° 
0:20 —_ 
- Pn 
-— ° 
S Pn Fs 
2 é 
g HNO3 CONC.(M) 2:2 1-15 
g O10 * EXP. ° 4 
/ CALC. s a 
8 EXTRAR FOR TRUE YIELD AcAn ------- 
4 
l s.. 1 i l 
(22M) 5 10 15 20 30 
(1-15 M) 20 40 60 80 
TIME (MIN) 


Fic. 1. Rate of AcAn formation at 15.1°C. with 0.0155 M PHX (0.20 gm.). 
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reaction. These competitive reactions were determined to be of the same order 
with respect to PHX. 

It can readily be shown that the kinetic equations obeyed by two competitive 
first order reactions are given by 

(Rm + ks)t = 2.3 logig m/(m — Xm) [3] 
and Rm/ (Rm + Rs) = m/a [4] 
where a denotes the initial weight of PHX, m the true final yield of AcAn, 
while x,, and x, represent the yields of AcAn and by-product obtained in time 
t, and k,, and k, are the corresponding rate constants. 

The constant k, + k, was determined by substituting in equation [3] the 
value of m, a value of x,, and the corresponding value of ¢. As an added precau- 
tion, the AcAn yield-time curve was calculated from equation [3] with this 
value of k,, + k;. Unless there was close agreement between calculated and 
experimental data, a small adjustment in m was made and the procedure 
repeated. 

At low values of ¢ the calculated results are in general slightly lower than 
the experimental data, because of the presence of the impurity mentioned 
earlier; the decomposition of this contaminant to give water-soluble products 
is complete at small reaction times. Consequently, for calculation of rate con- 
stants, the value of ¢ chosen for insertion in equation [3] was about f1,2. In 
addition, if the amount of impurity be taken into account, there is good agree- 












































TABLE I 
EFFECT OF NITRIC ACID CONCENTRATION ON yp 
HNO; conc. 102 km (min.~') at PHX concentrations of: 
pe 
0.0155 M at 15.1°C. | 0.0232 M at 25.1°C. | 0.0387 M at 25.1°C. 
2.2M 31 39, 36 | 31, 32 
2.00 22 25 
1.60 12 | 13 
1.15 4.7 7 
1.00 3.8 
0.60 1.0 l | is 
ee ——————————— gene 3 | | ———— — 
0.0155 | 0.0232 | 0.0310 0.0387 | 0.0516 | 0.0619 
Mo| M | mM Re phe Se | M 
at 35.1°C. 
22M | 3 |aae | a | 31 
2.0 | | | 18 
1.6 | 15(2) | 
1.15 6.1 | 6.1 | 6.0,5.9 | 5.4 | 4.8 
| 2 | 5.7,9.2 | | 
0.60 | 1 | | 0.8 | 
, REP 
0.0179 | 0.0238 | 0.0298 0.0476 
A | M | M M 
| | | Sag 
0.93 5.1 5.1 | 4.6 | 3.7 
| 
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ment, even at small values of ¢, between the experimental and calculated curves. 
There is also fairly good agreement between the relative k,,’s and the correspond- 
ing initial rates. The constants k,, so obtained are accurate to better than ten 
per cent. The constants k,, which are not determined as directly, are good only 
to about thirty per cent, and for this reason have not been given. 

While the rate curves obtained with nitric acid concentrations greater than 
one molar were first order, this is not true for the lower acid concentrations. 
In the latter case the curves are characterized by a relatively rapid initial 
formation of AcAn tollowed by a slow secondary reaction. Because of this 
behavior, rate constants here were calculated by comparison of initial rates 
with data for 1.15 M acid, using the relative yield of AcAn in four minutes as a 
good approximation of the initial rates with these low acid concentrations. 
In this procedure the data were first corrected for the presence of the water 
insoluble PHX impurity, using results obtained on its rate of decomposition to 
water-soluble product, in the reaction medium. 


Rate of Formation of AcAn 
The experimental data on the effect of nitric acid, of added salts and of added 
acetic acid are summarized in Tables I, II, and III, respectively. 


TABLE II 
EFFECT OF ADDED SALTS ON km AT 35.1°C. 


HNO; conc. 2.2M 1.15 M 1.15 M 
PHX conc. 0.0282 0.0295 M 0.0295 M 











NaNO,, 10°», NaNO, 107k», KCIO,, 102k», 
M (min.~!) M (min.~!) M (min.~!) 




















| 0 3.2 0 60 |0 6.0 
0.000145 3.2 0.000076 5.3 | O 00034 6.5 
| 0.00113> 1.9 0.000101 5.2 | 0.00177 8.7 
0.00255 1.4 0.00059 2.9 | 0.00455 13.5 
| 0.00524 ea 0.00119 2.1 0.00966 16.8 
| 0.0102 0.83 0.00534 1.0 
0.0181 0.83 | 0.00960 1.0 
TABLE III 
EFFECT OF ADDED ACETIC ACID ON Ry, 
HNO; conc. (M) | 2.2 1.15 | 0.93 
Temperature 25:..1°C. 35.1°C. 35.1°C. 
PHX conc. (M) | 0.0352 0.0211 | 0.0352 0.0221 | 0.0179 
Added HOAc conc. | 
(Vol. %) 
0 0.31 0.39 0.092 0.092 | 0.052 
4 | 0.32 
10 | 0.32 


26 0.31 @0.39 0.098 O11 | 0.072 
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From the data obtained at 15.1°C., a plot of log k, vs. log (HNOj) shows that 
the reaction order with respect to nitric acid is 2.6. The small temperature 
coefficient of AcAn formation corresponds to an apparent activation energy of 
2 kcal. mole—!. In contrast, the corresponding value for the side reaction is of the 
order of 15 kcal. mole. 


Disappearance of Nitric Acid and of PHX 


Using an electrometric method (3) for the estimation of nitric acid in aqueous 
acetic acid, it was observed that nitric acid reacted quantitatively, mole for mole, 
with PHX (though not with AcAn) in such media. This behavior necessitated 
the use of an analytical method for nitric acid applicable in the undiluted reaction 
medium. A suitable method, depending on the limited solubility of inorganic 
salts in these media was evolved; the details are given in an earlier paper (13). 

These two analytical procedures determine the amount of nitric acid present 
in the diluted and undiluted reaction media, respectively. Since their values 
differ by an amount equivalent to the PHX present, a combination of these two 
methods provides a method for the estimation of PHX. However, this assumes 
that the products of the side reaction do not react with nitric acid on dilution of 
the reaction mixture. Since the amounts of nitric acid estimated by both methods 
were the same when reaction was complete, in spite of the by-products present, 
the above assumption is probably valid. 


TABLE IV 
RATE OF DISAPPEARANCE OF NITRIC ACID AND PHX AND RATE OF AcAn FORMATION WITH 
1.17 M NitRIc AciD AT 35.1°C. 


Reagents: 23.4 millimoles pale yellow nitric acid 
6.20 millimoles PHX 
20.0 ml. acetic anhydride 








Time, | —APHX, | -—AHNO, | AAcAn, | APHX/AAcAn 





min. mM. mM. mM. 
| | ras 
0 0 0 | 0 
20 1.55 | 2.85 0.75 2.1 
60 3.0 | 4.1 | 1.35 2.2 
120 3.6 | 5.2 1.95 | 1.85 
240 5.75 S| 2.8 | 2.05 
360 | 5.85,5.5 8.05, 8.3 3.3 1.8,1.7 


| | 

2. | 
| | | | 
} | | 
| | | 





Because there is a large experimental error in the application of this analysis 
by difference to reaction conditions of high molar ratios of nitric acid to PHX, 
the determinations were made using low ratios of approximately four to one. 
However, the extent of the slow secondary reaction increased with decreasing 
acid concentration, thus placing, for theoretical purposes, a lower limit on the 
initial acid concentration which could be used. This necessitated the use of 
amounts of PHX which exceeded the solubility limit of the latter in the medium. 
It is therefore emphasized that the data given in Table IV were obtained under 
heterogeneous reaction conditions; this, however, does not detract from the 
conclusion drawn. 

Some measurements of the rate of disappearance of nitric acid in homo- 
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Fic. 2. Rate of AcAn formation and nitric acid disappearance with 1.15 M nitric acid and 
0.0619 M PHX at 35.1°C. 


geneous media were also made. Typical results are given in Fig: 2. The data 
show that the ratio of the rate of disappearance of nitric acid to the rate of 
formation of AcAn is approximately independent of the reaction time. The 
nitric acid reacted is greater than the AcAn formed although blank experiments 
without PHX showed no disappearance of nitric acid. Since the final yield of 
AcAn in these experiments was only about 50%, the difference is therefore due 
to a competitive reaction. Since the data obey Wegscheider’s Test (20), this 
side reaction must be of the same order with respect to PHX as the main 
reaction, within experimental error. 

A similar conclusion may be drawn from the data given in Table 1V. However, 
in this case the acid concentration decreased from 1.2 M to 0.8 M during the 
course of reaction. Consequently, this conclusion is valid only if the ratio of 
rate constants for AcAn formation and side reaction is independent of acid 
concentration in this range. A direct measure of this ratio is the final yield of 
AcAn, as obtained by the extrapolation described earlier. Since this yield was 
found to be approximately constant over this range of acid concentration, the 
conclusion stands. 

The data in Table IV also suggest that the nitric acid decomposition is 
greater than that of PHX. This fact may not be theoretically significant since 
in this case the acid was pale yellow and the excess consumed may have been 
due to autoreduction in the presence of nitrogen dioxide. 


DISCUSSION 


Summarizing the experimental data: 
(a) The rate of formation of AcAn is proportional to (HNQ;)**(PHX). However, 
the rate constant, k,», falls off slightly with increasing PHX concentration. 
(b) km is markedly decreased by added NaNO; but increased by KCIO,. 
(c) The reaction rate is markedly affected by concentrations of these added salts 
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which are much less than the stoichiometric concentrations of PHX and of 
HNOs. 
(d) The formation of AcAn parallels the disappearance of nitric acid and of 
PHX. 
(e) Rm is increased by added acetic acid. 
(f) Some conductivity measurements, not reported in the previous section, 
showed that the addition of PHX to an acetic anhydride — nitric acid medium 
resulted in a marked, rapid increase of conductivity. This behavior suggests 
that PHX is somewhat basic and that the formation of its conjugate acid, 
PHXH*’, is rapid. Presumably, the hydrogen ion in PH XH? is attached to the 
lone, non-nitramine nitrogen atom in PHX. 

Consistent with these experimental results are the following alternative 
mechanisms: 


(I) 2HNO; = NO.OH:+ + NO;- [5] 
PHX + NO,OH:*— H:"0 - (CH:-N)-CH0Ac (6) 
NO; 
Ac.O + H.*O-(CH2-N).-CH2sOAc— AcO-(CH-N).-CH2OAc + AcOH (7] 
NO: NOs 
(II) PHX + HNO; — PHXH?* + NO;- , [8] 
PHXH* + RONO:— RO-(CH:-N),-OAc + Ht (9] 
NO, 


While the R group of the product of reaction [9], X, may be H, Ac, or NOz 
the latter is rather improbable since the formation of AcAn would then involve the 
acetylation of the nitric ester, X. Such a reaction has not yet been observed for 
analogous nitric esters in HNO;-Ac2O media. If R is H, then the product of 
(9) may also be XH*, and AcAn would result from the acetylation of X or of 
XH?*. A reaction between PHXH* and NO.OH,* has not been suggested in 
mechanism II because of the large electrostatic repulsion involved. 

Clearly there can be only one rate controlling step, which is seen from the 
data to be reaction [6] or [9]. Reaction [7] would be expected to be rapid since 
acetylations are generally acid catalyzed. 

There is considerable evidence that nitracidium ion, NO,OH,* or NO,*, 
exists in media of similar type to that studied here (2, 8, 9), while other studies 
(17, 19) have shown it to be the probable nitrating agent in a variety of reactions 
somewhat analogous to the present one. While the present data alone do not 
appear to eliminate either mechanism I or I], the validity of the former may be 
assumed for purposes of discussing the quantitative aspects of the data, namely 
the salt effects and order of the reaction with respect to nitric acid. This does not, 
of course, reject the possibility that AcAn formation may proceed by the other 
mechanism. 


Salt Effects 


Numerous investigators (6, 7, 8, 10, 14, 15) have shown that perchloric acid 
is a much stronger acid than nitric acid in divers solvents. It may be assumed, 
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therefore, that the ClO, group arising from KCIO, exists largely as ClOy~ 
rather than as unionized HCIO, in HNO;-Ac.O media. 

Three possible effects of added salts are: repression of ionization by a common 
ion, primary and secondary salt effects. The second of these may be neglected 
in the first approximation since the activated complex of (6) is also a monovalent 
ion and therefore the ratio of activity coefficients in the theoretical expression 
for the rate constant is essentially independent of the ionic strength, uy. 

It will be assumed that the concentration of the nitrate ion is appreciably 
greater than the more basic acetate ion in HNO;-Acx,O—-AcOH media so that 
uw = (NO>-) in the absence of KCIO,. In addition to [5] the following equilibria 
probably occur in such media: 

HNO; + S = SH* + NO;- [10] 

HNO; + PHX = PHXH?* + NO;- [11] 
where S represents a solvent molecule and SH*t, the conjugate acid. Another 
possible source of nitrate ions is the ionization of nitrogen pentoxide, which in 
turn might arise from the dehydration of nitric acid by acetic anhydride. 
However, as a source of nitrate ion these reactions are thermodynamically equi- 
valent to reaction [5] if- the nitracidium ion postulated there exists in the 
dehydrated form, NO2*. The subsequent discussion of the salt effect is indepen- 
dent of the postulated form of nitracidium ion. 

All ion activity coefficients, f, will be assumed to be given by the simple 
Debye-Hiickel expression, —log f = A +/u, where A depends only on the absolute 
charge of the ion for a given medium. In this approximation, the activity 
coefficients of neutral molecules are essentially independent of x. It also follows 
from datum (c) that the concentrations of PHX and of HNO; may be taken as 
essentially independent of added salt. 

According to these assumptions there is no primary salt effect so that R,, 
is directly proportional to (NO:OH,*), while the latter is given by the equilibrium 
expression, 

f?(NO,OH:t) (NO3~) = const. [12] 
From these relations and the previous expression for log f it follows immediately 
that 


logiokm(NO3) = 2A Vu + const. (13) 


Furthermore, addition of the expressions for the equilibrium constants of [5], 
[10], and [11] leads to 
f?(NO,OH.* + SH* + PHXH?*) (NO;-) = const. [14] 
In the absence of added nitrate the sum of the concentrations of these cations 
equals (NO;-). From [13] and [14] it may then be concluded that 
logio Rm = A Vu + const. [15] 
To compare [13] and [15] with the data, an estimate of yu is necessary. The 
value of uw in the absence of added salt may be determined as follows. Denoting 
the concentrations of nitrate ion and of added sodium nitrate by y and x re- 
spectively, equation [14] may be written as 
f(y — x)y = const. [14’] 
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Also, from equation [12] and the proportionality between k,, and (NO.OH:*), 

k,»yf*? = const. [16] 
Differentiating [{14’] and [16] with respect to x, eliminating dy/dx between 
these equations, taking the limit of the resultant equation at x = 0 and neglect- 
ing a very small term involving df/dx (which is justified at x = 0) 


dRm , Rm a - 
[ge+i] _-o a7 


Using this equation, the concentration of nitrate ion, y, at x = 0 was estimated 
from the limiting slope of a plot k,, vs. x (cf. Table II) to be 2.6 X 10-* M and 
ca. 8 X 10-* M when the nitric acid concentration was 1.15 M and 2.2 M, 
respectively, the PHX concentration 0.0295 M, and the temperature, 35.1°C. 

In the presence of added nitrate, 4» = y = (y — x) + x. Elimination of yf? 
between [14’] and [16] leads to 

(y — x) = const. Rp. [18] 
The proportionality constant may be determined from the previously estimated 
value of y at x = 0 and the corresponding value of k,,. The more accurate 
data at 1.15 M nitric acid were used for this purpose. The magnitude of (y — x) 
may then be estimated from [18] for any value of x for which k,, has been deter- 
mined. Since x is also known, u may then be calculated. 

With u so estimated, equation [13] can be compared with the data on effect 
of added nitrate. In this equation (NO3—) = u. Using the data given in Table IT, 
(1.15 M HNOs, added NaNOs), logiok»(NO3-) was plotted vs. +/u in Fig. 3 
and from the slope, A = 5. 
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Fic. 3. Effect of ionic strength on rate of formation of AcAn. 


In the presence of KCIO, of concentration z, u = (y + 2) and y is given by 
[18] where x is now equal to zero.-With uw thus determined, equation [15] was 
compared with the data on the effect of added KCIO, given in Table II. The plot 
of logiokm Vs. ~/u, given in Fig. 3, has slope, A = 5. 
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These experimental values of A may be compared with the theoretical value 
given by 


z°e°\/ 2xN/1000 

2.3(DkT)*” 
where N is Avogadro's number, D the dielectric constant of the medium, and 
the remaining symbols have their usual significance. At 35°C. the theoretical 
value of A is approximately equal to 4, assuming D = 20, the value for pure 
anhydride. The dielectric constant of acetic anhydride — nitric acid media has not 
yet been determined. 


A= 





Order of Reaction with Respect to Nitric Acid 
In the following, it will be assumed that nitric acid exists largely in the form 
of acetyl nitrate because of equilibrium (20), and that the nitrate ion arises 
mainly from [10] and [11] rather than from [5] owing to the presumed relative 
basicities and assumed low concentration of nitric acid. With these assumptions 
it is possible to derive an expression for the dependence of &,, on the acid con- 
centration in good agreement with the data. 
HNO; + Ac.O = AcONO, + AcOH [20] 
According to the second assumption the constant in equation [14] is directly 
proportional to (HNQO;) so that [14] becomes 
f?(NO3-)? = const. (HNQs). [21] 
On the other hand the constant in equation [12] is proportional to (HNQs)?, 
while (NO,OH:*) is proportional to k,, so that elimination of (NO;~) between 
[12] and [21] leads to 


Reorr. = const. (HNO;)3/2 [22] 
where Reorr. = f Rm- 
Reorr, is therefore given by [23] where A = 5 
log oR corr. o logiokm -—A Vu. [23] 


If 6 denotes the stoichiometric concentration of HNQ; and c the concentration 
of acetic acid originally present in the 95% acetic anhydride (c = 0.8 M), then 
(AcONO,) ~ 6 and (AcOH) ~ (6+ c), according to the first assumption. 
Elimination of (HNO;) between [22] and the expression for the equilibrium 
constant of [20] then leads to 


const. Rig}. = be + 8°. [24] 


Finally, since » = (NQO;-), it follows from [21] and the expression for the 
equilibrium constant of [20] that, to a good approximation, 


uw = const./ be + Bb’. [25] 


The proportionality constant in equation [25] was estimated from the data 
uw = 2.6 X 10-4*M when bd = 1.15 M and c = 0.8 M. With uw thus determined 
for any value of }, R.orr, was calculated from [23] and is given in Table V. 

The proportionality constant in [24] was estimated from the value of Reorr. 
at b = 1.6 M, namely, Reorr, = 0.097 min.—!. Equation [24] and the data are 
compared in Table V. 
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TABLE V 
COMPARISON OF EXPERIMENTAL AND THEORETICAL ‘‘k’s”’ 














| 
HNO;, | hs | Resta: 
M (min.~!) (min.~!) 
“ib” 
Expt. | Expt. Calc. 
| | 
2.2 | 0.31 0.24 0.22 
2.0 0.22 | 0.17 0.17 
1.6 0.12 | 0.097 0.097 
1.15 0.047 | 0.039 0.043 
1.00 0.038 0.032 0.031 
0.60 0.01 | 0.009 0.01 





Considering the good agreement between the experimental and calculated 
values of Reorr., a Closer examination of the two assumptions made at the begin- 
ning of this section appears desirable. The very large heat of mixing of HNO;- 
Ac,O mixtures is quite noteworthy. This heat of reaction is almost certainly 
not to be attributed to ionization, which was seen in an earlier section to occur 
toa very minor extent. Furthermore, its magnitude is appreciably greater than 
would be expected from the changes in van der Waals or hydrogen bonding forces 
on mixing. Consequently, it appears that some chemical reaction such as the 
formation of acetyl nitrate or of nitrogen pentoxide via [20] or [26], respectively, 
occurs to an appreciable extent. 


2 HNO; + Ac.O = N.O; + 2 AcOH [26] 


Some evidence concerning these equilibria has become ‘available since the 
completion of the present work. An analysis (18) of the vapor of HNO;-Ac:O 
mixtures suggests that at 50% nitric acid the solution is mainly acetyl nitrate, 
while nitrogen pentoxide is an important constituent at higher acid concentra- 
tions and acetyl nitrate at lower ones. 

From a comparison (9) of the near ultraviolet absorption spectra of these 
mixtures with that of nitrogen pentoxide solutions, Jones and Thorn inferred 
that nitric acid existed largely as nitrogen pentoxide in these media, both at high 
and low stoichiometric concentrations of nitric acid. However, no comparison 
with acetyl nitrate solutions was given and a more detailed study of the spectra 
is necessary. From an examination of the structures of nitrogen pentoxide and 
of acetyl nitrate, and of the spectra (9) of nitrogen pentoxide and of ethyl 
nitrate, it seems possible that these results may also be consistent with the 
presence of large concentrations of acetyl nitrate in these media. While it has 
been suggested that acetyl nitrate is either not present in this medium or is 
formed very slowly (5, 11), the published data are not inconsistent with the 
assumptions of the present paper. 

It is also of interest to observe that acetyl nitrate can be prepared by a vacuum 
distillation of mixtures of nitrogen pentoxide with acetic anhydride (4, 16). 
Finally, postulation of equilibrium [26] rather than of [20] does not appear 
to lead to quantitative agreement with the observed effect of nitric acid on Ry». 
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However, it seems clear that the composition of nitric acid — acetic anhydride 
media is not yet definitely established. 

The effect of added acetic acid is qualitatively consistent with the present 
assumptions but is smaller than would be expected from equation [24]. This 
equation neglects the extent of dimerization of acetic acid (12) and the possible 
greater basicity of acetic acid as compared with acetic anhydride, both of which 
become increasingly important effects at higher concentration of acetic acid. 
The latter effect would increase the nitrate ion concentration and thereby tend to 
repress the formation of nitracidium ion. It can be shown that both effects pro- 
vide a qualitative explanation of the discrepancy between the calculated and 
observed effects of added acetic acid. 

The slight decrease of k,, with increased PHX concentration can be attributed 
to the corresponding increase of nitrate ion and the resultant decrease of nitraci- 
dium ion concentration by the common ion effect. 

According to the mechanism presented, the apparent activation energy of 
2 kcal. per mole represents the activation energy of the rate determining step 
(reaction 6) together with the temperature coefficient of the concentration of 
nitracidium ion. 

Finally, it is of interest to observe that the nitration of PHX in nitric acid - 
acetic anhydride media is rather similar to the nitration of benzene in the same 
media. It was found (5) that the latter reaction was first-order with respect to 
benzene, approximately third-order with respect to nitric acid, and was accelerated 
by added acetic acid. However, its apparent activation energy, 12 kcal. mole~', 
is appreciably higher than that found for the nitration of PHX. The analogous 
behavior of the nitration of PHX and benzene in this solvent and the interpreta- 
tion of the nitration of substituted benzenes in the same solvent by a nitracidium 
ion mechanism are consistent with the mechanism outlined in the present paper. 
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SOME METHYL-SUBSTITUTED PYRIDYL AND QUINOLYLPHENYL CARBINOLS 


By R. F. Kwort, J. Crric, AND J. G. BRECKENRIDGE 


In the course of work being carried out in these laboratories, we investigated 
the preparation and reactivity of Grignard reagents prepared from 3-, 4-, and 
6-methylpyridine and 4-methylquinoline with bromine in the 2-position in 
each case. As has been shown by Wibaut and co-workers (2) for 2-bromopyridine, 
Grignard reagents of this type are not readily formed in good yield and are 
relatively unreactive toward other reagents, and although we tried a wide 
variety of solvents and reaction conditions, we were unable to do more than 
isolate in small yield the reaction products of the Grignard reagents with 
benzaldehyde, i.e. the methyl-substituted pyridyl- (and quinolyl-) phenyl 
carbinols. 

EXPERIMENTAL 

The methylbromopyridines were prepared from the corresponding amino 
compounds, and 2-bromo-4-methylquinoline from 4-methylcarbostyril. Tetra- 
hydrofuran was found to be the most satisfactory solvent for the pyridine 
compounds, and after addition of benzaldehyde to the solution of the Grignard 
reagent, followed by extraction, distillation 1m vacuo gave the carbinols in low 
yield. With the quinoline derivative, the best results were obtained using the 
“entrainment” method of Grignard (1), but again the yield of the carbinol was 
low; a small amount of the corresponding ketone was also isolated from the 
reaction mixture. The compounds produced are shown in the following table: 























Yield, M.p., Analyses 
Compound % "As 
Calc. Found 
I 2-(3-Methy])pyridylphenyl 5 57-58° C, 78.35% C, 78.40% 
carbinol H, 6.58% H, 6.55% 
N, 7.03% N, 6.88% 
I] 2-(4—Methyl)pyridylphenyl | 14 89-90° C, 78.23% 
carbinol H, 6.71% 
~N, 7.05% 
III 2-(6—Methyl)pyridylphenyl 19 86° . C, 78.45% 
. carbinol H, 6.50% 
N, 7.56% 
IV Picrate of III — 130° N, 13.08% | N, 12.52% 
V_ 2-(4—Methyl)quinolylphenyl 10 132° C, 81.90% | C, 81.93% 
carbinol H, 6.06% H, 6.18% 
N, 5.62% N, 5.98% 
VI 2-(4—Methyl)quinolylphenyl — 109° C, 82.56% C, 82.58% 
ketone H, 5.30% H, 5.30% 
N, 5.66% N, 6.08% 
VII Phenylhydrazone of VI i 136° C, 81.90% C, 82.20% 
: , 5.68% H, 5.67% 
N, 12.45% N, 12.26% 
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all melting points are corrected; analyses done by Micro-Tech Laboratories. 
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